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SUMMARY
Coal-tar was commonly used as an internal lining for corrosion protection of water 
pipes from the 19th century up to the present. It is reported that these coatings can 
lead to elevated concentrations of Polycyclic Aromatic Hydrocarbons (PAHs) in the 
distributed drinking water. The aim of the project was to investigate the processes and 
mechanisms responsible for the occurrence of these substances in drinking water 
distribution systems.
The results presented in this project showed that the occurrence of PAHs in a 
distribution system was linked to the presence of the disinfectants chlorine and 
chlorine dioxide. This dependence could be shown in the laboratory, in a pilot-scale 
pipe rig as well as in field investigations in a real distribution system. Generally, 
hostile environmental conditions for microbiological activity such as stagnation 
periods and anaerobic conditions could be identified as the most important factors to 
favour the occurrence of PAHs in the drinking water. It was clearly shown that 
disturbances in the hydraulic regime such as water hammers, operation of valves and 
rapid increases in flow velocity can result in enhanced PAH concentrations. 
Immediately after stagnation periods PAH concentrations increased to levels which 
exceeded the prescribed concentrations of the EC-guideline of 200 ng/1.
In laboratory experiments it was demonstrated that the coal-tar is a substrate for the 
growth of biofilms. Batch experiments and reactor experiments showed that the 
removal of biofilm resulted in a higher leaching rate of the PAHs into the water.
Experiments concerning the potential for the formation of chlorinated PAHs as 
disinfection by-products from the PAHs prevalent in water distributed through coal- 
tar lined pipes showed that their occurrence is very unlikely under conditions 
prevalent in water distribution systems.
A theory is presented which indicates that particles adhering to the pipe walls which 
can be sometimes embedded in the biofilm matrix represent a major factor in the 
process of the mobilisation of PAHs. The destabilisation of the biofilm matrix by 
hostile environmental conditions (disinfectants, aerobic conditions, oxygen limitation 
during stagnation periods) or enhanced shear forces on the biofilm, results in the 
release of particles highly contaminated with PAHs.
Keywords:
Polycyclic Aromatic Hydrocarbons, PAH, chlorine, chlorine dioxide, disinfection, 
particles, biofilm, chlorinated PAHs.
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1.1 Elevated PAH Concentrations in Drinking Water 1
1 INTRODUCTION
1.1 Elevated PAH Concentrations in German Drinking Water
At the end of the year 1993 high concentrations of Polycyclic Aromatic 
Hydrocarbons (PAHs) were identified in different water distribution systems by the 
Health Authority in Germany. In some parts of the distribution systems investigated, 
violations of the guideline value of 200 ng/1 of the German Standards for Drinking 
Water Quality were recorded. Therefore the water supply had to be interrupted for a 
certain period in these regions and the customers were supplied with drinking water 
from mobile water tanks. During the examinations of the possible sources of the 
water deterioration it became obvious, that the coal-tar based internal lining of the 
water pipes, which are widely used in many countries of Europe and the United 
States, could be the only possible contamination source (BADISCHE N e u est e  
N a c h r ic h t e n  1994, M u l l e r  1994, L a n d t a g  B a d e n -W u r t t e m b e r g  1994 and 
1995). These lining materials are known to contain veiy high concentrations of PAH, 
from which some compounds are considered to show a high toxicity, carcinogenity, 
and mutagenicity. Therefore, the "EC Directive Relating to the Quality of Water 
Intended for Human Consumption" stated a prescribed concentration value of 200 
ng/1 for the six indicator PAHs fluoranthene, benzo[a]pyrene, benzo[b]fluoranthene, 
benzo[k]fluoranthene, benzo[g,h,i]perylene, and indeno[l,2,3-c,d]pyrene, which must 
be regarded as a precautionary value for safeguarding drinking water quality 
(E u r o p e a n  C o m m u n it y  1980).
The German Association of Water and Gas Professionals (D e u ts c h e r  V e r e in  d e s  
G a s - UND WASSERFACHES, DVGW) appointed the Stadtwerke Karlsruhe to 
undertake further investigations to identify the mechanisms responsible for the 
occurrence of PAHs in some distribution systems, whereas other systems also 
containing coal-tar lined mains showed no PAH-problems. The requirement for 
research in this subject is also underlined by publications of the World Health 
Organisation (WHO 1984, 1993 & 1996).
1.2 Monitoring Programme 2
1.2 Monitoring Programme in Karlsruhe, Germany
The investigations were conducted by means of a survey of 22 water distribution 
zones selected from the drinking water distribution system of the water supply 
company of Karlsruhe/Southern Germany for the analysis of the PAH concentrations 
at the customers tap (Figure 1.2.1). The length of the distribution network comprises 
. 834 km of water mains which supplies water to 400,000 people in the city and the 
surrounding communities.
Figure 1.2.1 Water Supply Zones in the Study Area of Karlsruhe
The diameter of the service water pipes varies between 25 and 300 mm which 
comprise 88 % of the total length of the distribution system. The transport mains 
from water abstraction area to the reservoirs have a diameter up to 1,500 mm (Table
1.2.1). Fifty percent of the water mains were laid prior to 1972 and therefore it is 
likely, that a high percentage is coated with a protective internal lining of coal-tar. 
The conditions of this distribution system regarding its age, the distribution of the 
diameter and the probability of the existence of coal tar coatings are representative for 
many distributions systems in Germany and the U.K. (CRANE 1980 and 1981, H erz 
1996a and 1996b).
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Table 1.2.1 Diameter, Lengths and Materials of the Water Pipes in the Distribution 
System of Karlsruhe, Germany
Cdst iron
' ' ^ aJcixiciit ' 'r
v. on crete Plastic 
' F fnl
. I S L
25 120 0 0 0 0 120
30 571 0 0 0 0 571
40 2,780 0 0 0 0 2,780
50 854 0 0 0 70 924
60 730 0 0 0 0 730
63 0 0 0 0 156 156
65 1,667 9 0 0 0 1,676
70 120 0 0 0 0 120
75 0 0 0 0 1,112 1,112
80 22,499 0 0 0 0 22,499
90 1.714 0 0 0 635 2,349
100 252,515 0 1,990 0 0 254,505
110 0 0 0 0 187 187
120 2,194 0 0 0 0 2,194
125 26,111 102 421 0 2,160 28,749
150 242,009 542 7,600 0 0 250,151
175 594 0 0 0 0 594
180 1,031 0 0 0 600 1,631
200 99,315 0 6,690 0 0 106,005
210 198 0 0 0 0 198
225 0 0 0 0 76 76
240 152 0 0 0 0 152
250 21,154 202 1,489 0 0 22,845
275 1,130 0 0 0 0 1,130
300 33,146 1,029 3,858 0 0 38,033
325 69 0 0 0 0 69
330 730 0 0 0 0 730
350 1,917 3 0 0 0 1,920
400 17,405 284 542 0 0 18,231
450 0 0 0 0 802
500 9,971 399 1,093 0 0 11,463
600 7,969 724 2,139 9,265 0 20,097
650 0 0 0 870 0 870
700 104 155 0 7,027 0 7,286
800 9,725 2,690 0 9,148 0 21,563
1000 11,357 145 0 0 0 11,502
1500 0 90 0 0 0 90
Total
length
.. .  Jb L  .
769,851 6,374 25,822 26,310 5,798 834,155
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The analytical results indicated, that there are significant differences in the PAH 
concentrations between waters collected from different water supply zones. The 
evaluation of the data showed that the chlorination was highly correlated with 
elevated PAH concentrations in the drinking water. The elevated PAH concentrations 
were only detected in those zones where chlorinated water was distributed (Table
1.2 .2).
Table 1.2.2 Results o f  the Monitoring Programme (Maier et. al. 1996)
Zone No Total 13 EPA - PAH!> (ng/1) Total 6 TVO - PAH1} (ng/1) Disinfectant
1 nd nd no
2 nd nd no
3 nd nd no
4 nd nd no
5 nd nd no
6 nd nd no
7 nd nd no
8 nd nd no
9 nd nd no
10 nd2) nd2) no
11 nd nd no
12 nd nd no
13 nd nd no
14 nd nd no
15 nd nd no
16 nd nd no
17 nd nd no
18
19
20 
21 
22
nd
302
212
190
207
nd
90
87
90
85
no
chlorine
chlorine
chlorine
chlorine
0 detection limit 10 ng/1 2> detection limit 50 ng/1 nd = not detectable
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1.3 Objectives and Hypotheses of the Research Programme
The regulatory requirement for safeguarding drinking water quality by means of 
minimising undesirable compounds lead to the definition of the following objectives of 
the research project:
The main aim was, to investigate the processes and mechanisms, which are 
responsible for the occurrence of elevated PAH concentrations in water distribution 
systems containing coal-tarred water mains. In this project the following paths were 
suspected to cause elevated PAJT concentrations and were investigated (figure 1.3.1):
Figure 1.3.1 Suspected Principal Factors in the Mobilisation of PAHs from Coal-Tar 
Linings
• The presence of a microbial biofilm in water mains was demonstrated in earlier 
investigations by some authors (CHARACKLIS 1990a and 1990b, GELDREICH 1996, 
COSTERTON 1989, 1993, 1997). It is suggested that the disinfection leads to a 
reduction of the microbiological activity on the internal wall of the pipe. This 
reduction either causes spots of the coal-tar lining to become exposed to the 
drinking water allowing PAHs to leach out of this coating (loss of protective 
characteristics), or that the reduction of the microbiological activity of the biofilm 
leads to a lower degradation of PAHs (used as a nutrient source) which results in a 
release of PAHs from the coal-tar lining.
• The biofilm matrix can contain inorganic particles e.g. transformation products 
from bacteria, corrosion products or particulates of the lining itself. These can be
/
solution processes
m icrobiological activity
disinfectant
flow velocity
trihalom ethanes
defects in the in ternal coating and 
corrosion products attacked  by 
disinfectant
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released into the water phase when the disinfection leads to a reduction of the 
microbiological activity which may be associated with a destabilisation of the 
biofilm matrix (sloughing of biofilm). PAHs adsorbed on these particles or the 
particulates from the internal lining which are embedded in the biofilm may act as a 
source for the contamination of the drinking water.
• It is also possible, that the hydraulic regime in drinking water mains can influence 
the leaching out of the PAHs from the coal-tar lining. Therefore the relevance of 
the contact time of the drinking water with the internal coal-tar lining and the role 
of flow velocity has to be investigated.
• The application of chlorine as a disinfectant leads to the formation of disinfection 
by-products such as trihalomethanes. The trihalomethanes are well known as good 
solvents for organic constituents and it can be supposed, that this dissolving effect 
favours the mobilisation of PAHs from the coal-tar lining.
• During the disinfection with chlorine, and chlorine dioxide there is a possibility for 
the formation of further disinfection by-products such as chlorinated PAHs. The 
role of such reaction products in drinking water distribution systems should be 
investigated because of the high health-hazard potential of these constituents. 
Presumably, the chlorine-PAH reaction is not the principal mechanism for the 
leaching out of the PAHs into the drinking water, because the incorporation of the 
chlorine molecule into the PAH molecule leads to a lower solubility of the 
chlorinated derivatives which is not detected during operational analysis.
The overall objective of this project is, to be able to recommend operational 
procedures to optimise disinfection whilst minimising formation of PAHs and thus 
avoid high cost rehabilitation programmes.
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2 FUNDAMENTALS AND LITERATURE REVIEW 
2.1 Poly cyclic Aromatic Hydrocarbons
2.1.1 Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are one of the major chemical components 
in coal-tar. The first aromatic compound, benzene, was discovered by Faraday  in 
1825. He found, that although its formula indicated a high degree of unsaturation, a 
very low level of reactivity could be observed. In 1848 HOFMANN and MANSFIELD 
found high levels of benzene in coal tar which lead to further investigations in that 
area. One major milestone was the deduction of Kekule that benzene had a six- 
membered cyclic structure (1865) and that the number of isomers could be accounted 
for by "oscillation" between two different arrangements of bonds (in Harvey 1997).
Polycyclic Aromatic Hydrocarbons (PAHs), or polyarenes, represent an 
extraordinarily large group of organic molecules. The major sources of PAHs are 
shale oil, crude oil and coal. Coal-tars and petroleum residues produced in the refining 
process contain high percentages of PAHs. The group of the PAHs consists of 
compounds, containing two or more fused benzene rings. PAH are disseminated 
ubiquitously in air, soil and water. About 20 individual PAHs represent approximately 
70% of the whole group of the PAHs (BORNEFF AND KUNTE 1987 & 1991).
In the mid 1930s benzo(a)pyrene, a highly carcinogenic compound, was isolated from 
several tons of coal tar which is one of the best investigated PAH today (C ook, 
HEWETT &HIEGER 1933). The number of isomers even of the three to six ring 
polyarenes is very large. It was calculated, that the number of theoretical isomers for 
six rings is 37 (27 isomers reported), for eight rings more than 411 (8 are reported) 
and for 11 to 14 rings above 160000 ( where 7 are reported) (D ias 1987). Historically 
a preponderance of the investigations in PAH chemistry have been restricted to 
relatively few PAHs with fewer than eight rings. The principal book about the 
chemical structure of PAHs was published by C la r , who introduced a new structural- 
chemical model for characterising the polyarenes (C la r  1952). An overview about 
the current state of the research is reported in BJ0RSETH (1983) and HARVEY (1997).
2.1.2 Nomenclature of the PAHs
The nomenclature-system introduced by the International Union of Applied Bio­
physics (IUPAC) (rules A-21, A-22 and B-3) in 1979 is used in the Chemical 
Abstracts as well as by the majority of the investigators in that field. In that system, 
the names of several basic ring systems with a long history of use are retained (Figure
2.1.2). All of the compounds are in the oxidation state, where they contain the 
maximum number of conjugated double bonds, and this is denoted by the ending
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"-ene". The numbering of the ring positions is consistent with the general rules 
specified below, with the exception of anthracene and phenanthrene, which retain 
their historical numbering.
More complex ring systems are named by using the names of the prescribed 
hydrocarbons as base components and prefixing the name of the additional component 
rings. The base component should contain as many rings as possible and should occur 
as far as possible from the beginning in the list of Figure 2.1.2. The attached 
components should be as simple as possible. The prefixes of the attached components 
are formed by changing the "-ene" to "-eno" where the final "o" of the prefix is elided 
before another vowel.
Isomers are distinguished by lettering the peripheral sides of the base component, 
beginning with a "a" for the side "1-2" lettering every side around the periphery 
(figure 2.1.1). For the purpose of numbering the ring positions, the polycyclic ring 
system is oriented so, that the maximum number of rings lie in a horizontal row and as 
many rings as possible are above and to the right of the horizontal row (upper right 
quadrant). Numbering commences with the carbon atom in the most counterclockwise 
position in the uppermost farthest to the right, and proceeds in a clockwise direction, 
omitting atoms common to two or more rings (HARVEY 1997).
Figure 2.1.1 System of the Numbering of the PAHs (from Harvey  1997)
kAAA
ii
correct orientation
;CtS2 :
7 e 5
incorrect orientation
correct numbering of 
interior atom*
l9
incorrect orientation
incorrect numbering of 
interior atoms
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Figure 2.1.2 Names and Numbering of the Polycyclic Hydrocarbon Ring Systems 
(from Harvey  1997).
6 ] 1 7 1  10:m; :co: :C0; -C&: -CO'
pentalene
5 4 5 4
indene naphthalene azulene
7 B I
blphenylene
fls-indacene s-indacene
6 5
acenaphthylene
fluoranthene acephenanthrylene 
« 1
2  «  5
aceanthrytene triphenylene
perylene pentaphene
There are two subcategories of PAHs: The first are the acenes, which are kata- 
annelated, i.e., they consist of benzoic rings fused in a linear arrangement like 
anthracene. The second subcategory, the phenes, consist of benzoic rings fused in an 
angular arrangement like phenanthrene. Another major class of PAHs consists of the 
peri-condensed polyarenes containing central carbon atoms that are points of fusion 
for three rings, eg., pyrene. (Deutscher Zentralausschuss fur  Chemie 1975).
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2.1.3 Chemical Characteristics of PAHs
Delocalized 71-electron systems are responsible for the high tendency for adsorption of 
UV-light and for the considerable stability of this group. The properties of PAHs are 
reported to depend on the size and topology of the system. ZANDER explained "size" 
to mean the number of carbon centers, i.e. number of Tc-electrons, while "topology" 
denotes the type of ring linkage. The characteristic topological property is the 
angularity, which is the sum of the 120° angles in the chemical formula. For the 
isomers of the kata-annelated PAHs with four rings the resonance energy (RE) as the 
quantity characterizing the stability of PAHs is plotted against the angularity in the 
figure 2.1.3 (ZANDER 1983).
Figure 2.1.3 Correlation Between Resonance Energy (RE) and Angularity of 
Isoelectronic PAHs (from ZANDER 1983)
(a) (b)
A ngularity : 0
(c)
/
/ *  * 
• 2
•  (d) / *
Because of the structural diversity the PAHs have very similar characteristics 
regarding their relatively low solubility, high boiling and melting point and a high 
octanol/water partition coefficient from 3 to 8. The physicochemical characteristics 
for the 16 PAHs which were proposed for investigation in drinking water by the US- 
Environmental Protection Agency (G o v e r n m e n t  In stitu tes  1997) are described in 
Table 2.1.1 (S im s  &  O v e r c a s h  1983).
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Table 2.1.1 Physico-chemical properties of the 16 EPA-PAHs (from Sim s & 
OVERCASH 1983).
PAHs Chemical
Structure
Mass per mol 
(g/mol]
Solubility is 
Water at 25 
°C [mg/LJ
log Kow
Naphthalene CO 128 30.0 3.37
Acenaphthylene 6 b 152 3.93 4.07
Acenaphthene 6b 154 3.47 4.33
Fluorene coo 166 1.98 4.18
Phenanthrene cPb 178 1.29 4.46
Anthracene coo 178 0.07 4.45
Fluoranthene* c6b 202 0.26 5.33
Pyrene 202 0.14 5.32
Benz(a)anthracene cob3 228 0.014 5.61
Chrysene ob30 228 0.002 5.61
Benzo(b)fluoranthene* cb^O 252 0.0012 6.57
Benzo(k)fluoranthene* coA 252 0.0006 6.48
Benzo(a)pyrene* O ® 228 0.0038 6.04
Dibenz(ah)anthracene rob3 228 0.0005 5.97
Indeno(l,2,3-cd) 276 0.062 7.66
pyrene*
Benzo(ghi)perylene* 276 0.0003 7.23
* considered in the EC-Guidelines for Drinking Water Quality
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2.1.4 Toxicology of PAHs
The group of the PAHs includes the best known carcinogens (CRABTREE 1946, 
ZEDECK 1980, STIEBER 1995), Benzo[a]pyrene showed a considerable carcinogenity 
in laboratory experiments (C o o k , HEWETT &  HlEGER 1933). The initiation of tumours 
by the application of benzo[a]pyrene, chrysene and other PAHs is reported by 
SCRIBNER. In this investigations several PAHs were applied on skin of mice. 
Phenanthrene is reported to produce significant activity whereas pyrene and 
anthracene produced papillomas only in a few mice ( S c r ib n e r  1973). The first 
evidence of tumorigenicity of fluoranthene was reported by B u s b y  who used new­
born mice for the application of the PAHs. He found a 6.5 - fold elevation of lung 
tumours incidence and a 12 - fold increase in numbers in animals treated with the dose 
of 3.5 mg/mouse, but no increase in tumour incidence was induced by 700 pg/mouse 
(B u s b y  et. al. 1984). Regardless of the route of exposure, the examinations reported 
in the literature suggest that PAHs readily cross all epithelia which are in contact with 
the external environment. The fact, that PAHs are generally highly lipid-soluble 
neutral molecules greatly facilitates their passage through the predominantly lipid-like 
cell membranes of animals, including man ( S a n t o d o n a t o  1981).
An estimation of the carcinogenity of some PAHs relative to the toxicity of the best 
investigated compound, benzo[a]pyrene, using different methods was published by 
Kalberlah et. al. (1995). To every compound the toxicity-equivalents relative to 
benzo[a]pyrene were attributed. The results of the application of different models for 
the estimation of the carcinogenic potential is shown in Table 2.1.2.
An overview concerning the investigations into the subject of carcinogenic effects of 
PAHs is given in publications of FREUDENTHAL et. al. (1976), H e r l a n  (1977), 
D ip p le  (1985), P u r c a h s e  et.al. (1978) F a w e l l  & H u n t  (1988). In the latter 
publication 120 organic chemicals were tested using short-term assays for detecting 
carcinogenic effects induced by the several constituents.
Regarding the mutagenicity of PAHs it is reported, that these molecules are 
enzymatically activated by oxidative mechanisms to form reactive chemical 
compounds. These activated metabolites are capable of interaction with cellular 
constituents (RNA, DNA, proteins), and it was suggested, that one of these 
metabolites is the true, ultimate carcinogenic form (SANTODONATO et.al. 1981). The 
author showed, that metabolic reactions on the PAH skeleton may take place at nearly 
any position, although chemical theory predicts that certain locations will be more 
reactive. The earliest theories in that area designated a "K-region" having particular 
relevance to the biological activity of the molecule subsequent to oxidative attack 
(BOcker et. al. 1979). More recently, a "bay-region" hypothesis was formulated 
which takes into account the ease of benzylic carbonium-ion-formation. Examples of a 
K-region and a bay-region can be depicted as shown in figure 2.1.4.
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Table 2.1.2 Comparison of the Carcinogenic Potential Relative to Benzo[a]pyrene for 
the 16 EPA-PAHs According to Different Models (from KALBERLAH et. al. 1995)
p  J
.........................................
model 1 model 2 models model 4 model 5
benzo[a]pyrene 1 1 1 1 1
dibenzo[a,h]anthracene 5/l+) 1 1 1 -
benzo[b]fluoranthene 0.1 0.1 0.1 1 -
indeno[l,2,3-c,d]pyrene 0.1 0.1 0.1 0.1 0.1
benzo[k]fluoranthene 0.1 0.01 0.001 0.1* 0.1
benz [a] anthracene 0.1 0.1 0.1 0.1* 0.1
chrysene 0.01 0.01 0.001 0.01* 1
anthracene 0.01 - - 0.01* -
benzo[g,h,i]perylene 0.01 - - 0.01* 0.1
fluoranthene 0.001 - - 0.01* 0.1
acenaphthylene 0.001 - - 0.01* -
acenaphthene 0.001 - - 0 -
fluorene 0.001 - - 0 -
naphthalene 0.001 - - - -
pyrene 0.001 - - 0 0.1
phenanthrene 0.001 - - 0 0.1
+) 5: at normal environmental conditions, 1: at a high dosage
for the estimation of the carcinogenic potential no agreement was achieved, the 
highest classification is reported 
models used for the estimation and cited in K a l b er la h  et. al. 1995:
1 =  N isb et  &  L a G o y  (1992), 2 = ECAO (1992), 3 = ECAO (1993), 4 = OPPTS (1992), 
5 = Ver m e ir e  et. al. (1991)
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Figure 2.1.4 Example of a K-region and a bay-region in a PAH molecule (from
Santodonato et.al.)
Bay region ^
region
Investigations on the mutagenicity of PAHs were carried out for many parent PAHs 
and their derivatives. Except for the high mutagenic potential of benzo[a]pyrene, 
mutagenic effects were observed for chrysene, phenanthrene, anthracene, pyrene 
(SCRIBNER, 1973) fluoranthene, perylene, some pyrenequinones, benz[g,h,i]perylene 
and anthraquinone (WlSLOCKl et.al. 1976, B r o w n  et.al. 1976, SAKAI et.al. 1985, Bos 
et.al. 1987, B a b s o n  1986). Table 2.1.3 shows values for the acute toxicity, the 
carcinogenicity and mutagenicity of selected PAHs (WEISSENFELS 1990).
Table 2.1.3 Toxicity of PAHs (from WEISSENFELS 1990)
PAH* •cute toxicity chronic toxicity , . . . .
LD50 oral 
(per kg body weight)
carcinogenesis 
(per kg body weight)
mutagenicity
(Ames-test)
Naphthalene 310 mg - -
Acenaphthene n d 2) - /?  3) +
Fluorene n d 2) - -
Phenanthrene 700 mg -/? -
Anthracene n d 2) 3,3 g -
Fluoranthene 500 mg +/? +
Pyrene 510 mg -/? +/?
Benz [ajanthracene n d 2) 2 mg +
Chrysene 320 mg 99 mg +
Benzo[a]pyrene 250 mg 2 g +
Indeno[ 1,2,3-c,d]pvrene n d 2) + +
Dibenz[a.h]anthracene n d 2) 6 g +
1} Lethal dosage for 50 % of the mice resp. rats tested; 2) not determined, 3) inconsistent results
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Seventy PAHs of soot extract were examined for its mutagenicity to Salmonella 
typhimurium, where e.q. acenaphthene, acenaphthylene, benzo[b]fluorene, 
benzo[ghi]perylene and dibenz[ah]anthracene were found to induce mutation whereas 
no significant mutation was observed for anthrone, naphthalene, fluorene, anthracene, 
phenanthrene and anthraquinone (K a d e n  et.al. 1979). An enhancement of the 
metabolic activity of benzo[a]pyrene was observed as a synergistic effect in the 
presence of some 2- and 3-substituted PAHs. It was concluded from these 
investigations, that the higher the number of cycles of the PAHs, the lower the 
amount of PAHs necessary to enhance or inhibit the mutagenicity of benzo[a]pyrene 
(H e r m a n n  1981). A qualitative relationship between carcinogenity and mutagenicity 
was proved by T e r a n is h i et.al. (1975).
2.1.5 Occurrence and Distribution of PAHs in the Environment
Numerous investigations proved the ubiquitous dissemination of PAHs (RlEHEMANN, 
1988). The occurrence of PAHs in the environment is mainly caused by incomplete 
combustion processes. Furthermore, PAHs are often by-products of petroleum 
processing or combustion which are adsorbed on particles, discharged during the 
combustion process, and deposited on the soil surface. This path of contamination of 
the environment leads to elevated PAH concentrations in rain water. Polycyclic 
particulates released into the air can be washed out by rain or settle out under gravity, 
thereby contaminating water and soil. The run-off of streets which are built with tar 
and bitumen containing products are also responsible for higher PAH concentrations 
in surface water.
The total emission of PAHs in Germany is estimated to be 500 to 1000 tonnes/a with 
an amount of benzo[a]pyrene of 20 tonnes/a (S c h a c h t sc h a b e l  1989). Clean soil 
contains benzo[a]pyrene concentrations between 1 to 5 pg/kg with a maximum value 
of 10 pg/kg. In grounds with agricultural usage the concentration of the total six 
PAHs found ranged from 50 to 500 pg/kg. At busy traffic roads concentrations up to 
1000 pg/kg were observed. The enrichment of PAHs in waste water sludge is 
reported with median values of benzo[a]pyrene of 0.35 mg/kg and 6.1 mg/kg 
(UMWELTBUNDESAMT 1996a). A comparative study of surface soil, compost, leaves 
from avenue limetrees and grass showed 10 times lower concentrations in vegetation 
samples than in soil and compost. The samples from park areas of cities were found to 
be 10 to 100 times higher than in rural samples (N ie d e r e r , M a sc h k a -Se l ig  &  H o h l  
1995).
2.1.6 PAHs in Diet
For the estimation of the significance of the elevated PAH concentrations found in 
drinking water distributed through coal-tar lined pipes the comparison with the other 
paths of intake is necessary. The oral intake of PAHs in the Netherlands was 
calculated as 1.1-22.5 pg per capita including 30 % of carcinogenic PAHs (VAESSEN
2.1 Polycyclic Aromatic Hydrocarbons (PAHs) 16
et.al. 1988). An investigation of UK total-diet samples for PAHs showed, that cereals 
and oils respectively fats contribute the major part of the PAH-intake (approximately 
one third each) whereas fruits, sugars and vegetables provide approximately one 
quarter. Meat, fish and beverages make relatively minor contributions (DENNIS et.al., 
1983).
Table 2.1.4 Total Dietary Load of Individual PAHs and the Percentage Contribution 
from Different Food Groups (from DENNIS et. al 1983).
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Fluoranthene 0.99 32 7 2 14 16 5 17 1 6 100
Pyrene 1.09 39 8 1 20 13 4 12 0 1 98
Benz[a]anthracene 0.22 38 4 1 34 9 4 8 0 2 100
Chrysene 0.50 36 5 3 19 8 8 21 0 2 102
Benzo[e]pyrene 0.17 31 3 1 53 3 2 7 0 0 100
Benzofbjfluoranthene 0.18 30 3 2 42 6 5 10 0 2 101
Benzo[k]fluoranthene 0.06 29 3 2 41 5 6 13 0 2 101
Bmzofajpyrene 0.25 30 3 1 50 5 4 4 0 2 99
Benzo[gJi,i]perylene 0.21 30 4 1 48 5 5 4 0 2 99
Dibenz[aji]anthracene 0.03 56 8 4 20 8 6 4 0 0 100
Indeno[ 1,2,3-c,d]pyrene 0 - - - - * - - - •
Total 3.70
Calculated on the assumption of a total daily consumption of 1.46 kg food and beverages (after BUSS 
& LINDSAY, 1978)
The average level of benzo[a]pyrene in drinking water was estimated to be about 
0.01 pg/1 so that daily intake from drinking water is of a similar order to that from 
breathing reasonably clean air (DlPPLE 1985). In investigations carried out by 
Sa n t o d o n a t o  et. al., a model for the calculation of the allowable daily intake (ADI) 
was applied by the authors who showed, that the average human diet currently results 
in an exposure to polycyclic organic matter which is in excess of all calculated ADIs. 
Tobacco smoking can be surpassed as a major contributor in certain cases by eg. high 
consumption of charcoal-broiled and smoked meats. Assuming that a human 
consumes approximately 2 litres of water per day, the daily intake of PAHs via 
drinking water was estimated as 1.1 ng/1 benzo[a]pyrene and a total amount of 4.2 
ng/1 carcinogenic PAHs (SANTODONATO, HOWARD & B a s u  1981).
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Table 2.1.5 Allowable daily intake of benzo[a]pyrene and relative contribution (from
Sa n t o d o n a t o , H o w a r d  & B a s u  1981)
Route of exposition intake of 
benzofalpyrene
proportion relative to 
benzo(a)pvrene
allowable daily intake 48 ng 1
water 1.1 ng 0.02
air 9.3-43.5 ng 0.2-0.91
food 160-1600 ng 3.3-33
smoking 400 ng 8.3
Results published by the WHO estimated the daily intake of total PAHs from drinking 
water of 27 ng with a daily intake of benzo[a]pyrene to range from 0.1 to 1 ng. The 
W h o  confirmed, that food is the major and most-variable source of daily exposure 
both to benzo[a]pyrene and to PAHs in general; drinking water makes only a minor 
contribution, probably not more than 1% of the total (WHO 1996).
Nevertheless, the occurrence of elevated PAHs in drinking water, such as those found 
in many surveys reported, should be avoided because these compounds represent a 
significant health-hazard to humans.
2.1.7 Guideline Values for PAHs in Drinking Water
Due to the variation in the toxicity of the different compounds, a guideline value 
which includes all constituents of the group of the PAHs is not available. The 
examination of six PAHs as an indicator for the pollution of drinking water with 
PAHs was recommended by BoRNEFF, comprising fluoranthene, benzo[a]pyrene, 
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[g,h,i]perylene, and indeno[ 1,2,3- 
c,d]pyrene, because these compounds are regarded to be suitable for the detection in 
the laboratory. Further, the ratio of the occurrence of these six PAHs in the 
environment due to their solubility allows the exclusion of laboratory errors (B o r n e ff  
& KUNTE 1987). This recommendation was adopted by the European Community 
which prescribed the guideline value for the six indicator PAHs of 200 ng/1. 
(E u r o pe a n  C o m m u n it y  1980). The guideline value of the EC directive is accepted 
as the national standard in Germany (T r in k w a ss e r v e r o r d n u n g  1990) and in the 
U.K. (HMSO 1989). It should be noted, that this guideline value for PAHs of 200 
ng/1 is not a health based limiting value but a precautionary value, against pollution of 
raw water sources, taking into consideration the principle that undesirable compounds 
should be minimised in drinking water.
Based on models for the assessment of the health hazard the W h o  proposed a 
guideline value for benzo[a]pyrene of 700 ng/1. The calculation of a health based value 
for the entire group of PAHs is not possible because adequate data are not available. 
The benzo[a]pyrene-value is derived from a quantitative risk assessment model 
corresponding to an excess lifetime cancer risk of 10'5 (WHO 1993 and 1996). This 
value was proposed for the replacement of the current guideline value by the E u r e a u
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(1994). The current proposal for the revision of the EC-Guideline intends, to establish 
a guideline value for benzo[a]pyrene of 10 ng/1 in addition to the current prescribed 
concentration of 100 ng/1 for benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[g,h,i]perylene, and indeno[l,2,3-c,d]pyrene. Fluoranthene is not considered in 
the new proposal for a Council Directive concerning the quality of water intended for 
human consumption. (B o r n e ff  &  K u n t e  1987, B o r n e ff  &  K u n ie  1991, D iet e r  
1993, B o r n e ff  1995, EC 1997).
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2.2 Coal-Tar
2.2.1 Classification of Coal-Tar and Derived Products
The use of the term coal-tar in the literature is non-uniform. Therefore a definition of 
the materials employed in drinking water distribution for corrosion protection to the 
detailed chemical composition of these materials is not possible. A suitable 
terminology is given in the "Monographs on the Evaluation of the Carcinogenic Risk 
of Chemicals to Humans" published by the International Agency for Research on 
Cancer (IARC 1985) which will be used in the following review.
Coal-tars are products of the destructive distillation of coal (hard-coal and brown- 
coal) and coal-tar pitches are residues from the distillation of coal-tar (FOERST 1958, 
C o l l i n  & Z a n d e r  1982, Z a n d e r  1985). Such coal-tar products are sometimes used 
in applications for which bitumen may also be employed. Bitumen must be clearly 
distinguished from coal-tar. The term bitumen refers to the products derived from 
residues resulting from vacuum distillation of selected petroleum crude oils. They are 
widely used for paving, roofing and industrial applications. In North America, the 
terms asphalt and petroleum asphalt are used to describe bitumen, elsewhere the term 
asphalt is used to describe mixtures of bitumen and mineral matter which is also 
common in Europe ( G O s fe ld t  1974). Bitumen and asphalt were not covered in the 
following investigations.
One important criterion for the differentiation of coal-tar and coal-tar derived 
products is the temperature of its production.
As shown in table 2.2.1 coal-tars (CAS-No. 8007-45-2) can be distinguished as low 
temperature coal-tars (CAS-No. 65996-90-9) developed from temperatures below 
700°C and high-temperature coal-tars (CAS-No. 65996-89-6) commonly produced at 
temperatures between 900 and 1300 °C (FRANCK & COLLIN 1968). The important 
common distillation fractions and the residues from coal-tars made by the high and 
low temperature processes as well as information on their main components are given 
in table 2.2.2 and 2.2.3 (Ia r c  1985).
Table 2.2.1 Names and Synonyms of Coal-Tar
^* jnC w CAS-No. | CAS-Name Synonym*
coal-tar 8007-45-2 coal-tar Pix carbonis, 
crude coal tar
high temperature coal-tar 65996-89-6 tar, coal 
(high-temperature)
coal-tar 
decanter sludge
low temperature coal-tar 65996-90-9 tar, coal 
(low-temperature)
coal-tar 
coal oil
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Table 2.2.2 Properties of Primary Distillation Fractions and Residues Derived From 
High-Temperature (> 700° C) Coal-Tar (from IARC, 1985)
Chemical 
Abstracts Name
CAS-No. Distillation 
range f*Cl 1
Main components
Light
oil/overheads
65996-78-
3
< 180 Mainly toluene, xylenes, benzene and indene- 
naphtha
Carbolic oil - 180-205 Mainly higher alkylbenzenes, phenol and 
alkylphenoles, indene, xylene and naphthalene
Naphthalene oil 200-230 Mainly naphthalene and methylnaphthalene plus 
smaller proportions of alkylbenzenes. thionaph- 
thalene and alkylphenoles; usually alkaline 
washed to recover the acids; pure naphthalene 
may be recovered by crystallisation and 
centrifugation
Creosote oil/wash 
oil
8001-58-9 230-290 Mainly alkylnaphthalenes, naphthalene, 
diphenylacenaphthene, fluorene, plus small 
amounts of higher phenols
Light anthracene 
oil
260-310 Mainly anthracene, phenanthrene and carbazole, 
with small amounts of fluorene and pyrene; an 
anthracene-rich fraction may be recovered by 
crystallisation and centrifugation
Heavy anthracene 
oil/base oil
>310 Mainly polynuclear aromatic compounds of 
higher molecular weight
Medium-soft pitch 65996-93-
2
Residue 40-50 % of polynuclear aromatic compounds 
with 4 - 7  rings
1 Similar products can be made from coal-tar produced by the continuous vertical-retort process, but 
this process is not currently commercially significant in most countries.
Table 2.2.3 Properties of Primary Distillation Fractions and Residues Derived From 
Low-Temperature (< 700° C) Coal-Tar (IARC 1985)
Abstracts Name
Services
Registry
Number
range <*C)' ^
.
• •■ .
Light oil - 90-160 Primarily C6-Ci0 hydrocarbons
Middle oil - 160-240 Primarily phenols, hydrocarbons and 
aromatic nitrogen bases
Heavy/wax oil - 240-360/
235-450
Both contain hydrocarbons, heavy oil and 
phenols
Pitch - Residue Principally polynuclear aromatic 
compounds and phenols
A suitable classification of the fractions with boiling-points of above 205°C and the 
products derived from them was made by the Iarc (1985). This classification is based 
on the practices commonly used in the industry to produce saleable products.
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Although the techniques of processing may vary, all of the products of tar distillation 
may be categorised using the classification below. The products can be divided into 
the following eight classes:
Table 2.2.4 Classification of Coal-Tar Products (IARC 1985)
* * * * * *
Class I coal-tars 1.1 High-temperature
1.2 Low-temperature
1.3 Unspecified or other
Class 2 naphthalene oils 2.1 High-temperature
2.2 Unspecified or other
Class 3 creosote oils / wash oils 3.1 High-temperature
3.2 Unspecified or other
Class 4 anthracene oils 4.1 High-temperature. light
4.2 High-temperature, heavy
4.3 Unspecified or other
Class 5 middle oils -
Class 6 heavy oils / wax oils 6.1 Heavy oil
6.2 Wax oil
Class 7 pitches 7.1 High-temperature
7.2 Low-temperature
7.3 Unspecified or other
Class 8 Coal-tar-derived materials not 
otherwise classified (not sufficiently 
described to permit assignment to 
other classes)
-
2.2.2 Characteristics and Composition of Coal-Tar and Derived Products
2.2.2.1 Coal-Tar
The primary product for protective coatings was coal-tar pitch derived from coal-tar. 
Therefore the chemical characteristics of coal-tar are the basis for the chemical 
composition of the manufactured paint. The composition and properties of a coal-tar 
depend mainly on the temperature of the carbonisation and, to a lesser extent, on the 
nature of the coal used as feedstock (KLEFFNER et al. 1981, Novotny et al. 1981).
Coal-tars are usually viscous liquids or semisolids, black or almost black in colour, 
with a characteristic, naphthalene-like odour (WILSON & WELLS 1950, Hawley 1981, 
WlNDHOLZ 1983). The density of the coal-tar is reported as 1.1 to 1.3 g/cm3 (COLLIN 
& ZANDER 1982). Coal-tars are completely or nearly completely soluble in benzene 
and nitrobenzene, partially soluble in acetone, carbon disulphide, chloroform, diethyl 
ether, ethanol, methanol, petroleum ether and sodium hydroxide solution and slightly 
soluble in water (WlNDHOLZ 1983).
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In general, coal-tars are complex chemical combinations of
- substituted and unsubstituted polycyclic aromatic hydrocarbons
- benzene and homologues
- aliphatic hydrocarbons (paraffin, olefins)
- phenols and homologues
- heterocyclic oxygen, sulphur and nitrogen compounds
- non soluble carbon
Over 500 compounds have been identified in coal-tars, and probably as many as 
10,000 are actually present. These identified compounds represent 55% of the 
ingredients of coal-tar. The remainder are assumed to be mainly non-volatile 
constituents of the coal-tar. (Trosset et. al. 1978, Collin &Zander  1982, McN eil 
1983). Figure 2.2.1 shows a GC-chromatogram depicting the main components of 
coal-tar.
Figure 2.2.1 GC-Chromatogram of a Coal-Tar (Collin & Zander  1982, in 
German).
ZZ u
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Table 2.2.5 presents data for some of the main components of selected coal-tars 
which illustrates, that the relative proportion, of these main components is quite 
different in tars made by low-temperature processes compared with those made by 
high-temperature processes (e. g., the former have a higher content of phenols and tar 
acids and a lower content of medium-soft pitch).
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Table 2.2.5 Some Constituents of Coal-Tars Produced by Various Processes 
(Average weight as a % of dry tar) (from IARC 1985)
Classification High Temperature 
Tars
Low Temperature 
Tart
Origin 'fWtL i & FRG |1 USA UK UK UK
s a fe .....?
Benzene 0.25 0.4 0.12 0.22 0.01 0.02
Toluene 0.22 0.3 0.25 0.22 0.12 0.05
ortho-Xylene 0.04 - 0.04 0.06 0.05 0.05
meta-Xylene 0.11 0.2 0.07 0.13 0.10 0.07
para-Xylene 0.04 - 0.03 0.05 0.04 0.03
Ethylbenzene 0.02 - 0.02 0.03 0.02 0.04
Styrene 0.04 - 0.02 0.04 0.01 0.01
Phenol 0.57 0.5 0.61 0.99 1.44 0.97
ortho-Cresol 0.32 0.2 0.25 1.33 1.48 1.14
meta-Cresol 0.45 0.4 0.45 1.01 0.98 1.83
para-Cresol 0.27 0-2 0.27 0.86 0.87 1.51
Xylenols 0.48 - 0.36 3.08 6.36 5.55
High-boiling tar acids 0.91 - 0.83 8.09 12.89 11.95
Naphtha 1.18 - 0.97 3.21 3.36 3.02
Naphthalene 8.94 10.0 8.80 3.18 0.65 2.01
a  -Methylnaphthalene 0.72 0.5 0.65 0.54 0.23 0.63
(5 -Methylnaphthalene 1.32 1.5 1.23 0.68 0.19 1.05
Acenaphthene 0.96 0.3 1.05 0.66 0.19 0.57
Fluorene 0.88 2.0 0.64 0.51 0.13 0.62
Diphenylene oxide 1.50 1.4 - 0.68 0.19 0.57
Anthracene 1.00 1.8 0.75 0.26 0.06 0.32
Phenanthrene 6.30 5.7 2.66 1.75 1.60 0.28
Carbazole 1.33 1.5 0.60 0.89 1.29 0.22
Tar bases 1.77 0.73 2.08 2.09 2.09 2.50
Medium-soft pitch 59.8 54.4 63.5 43.7 26.0 33.1
High-temperature coal-tars are the condensation products obtained by the cooling of 
the gas evolved in the high-temperature carbonization of coal (> 700°C). High- 
temperature coal-tars are of two main types: coke-oven tars and continuous vertical- 
retort (CVR) tars. Coke ovens for furnaces use the highest temperature (1,250- 
1,350°C) a slightly lower temperature 1,000°C-1,100°C is applied in continuous 
vertical-retorts for the manufacture of domestic heating coke and gas (McN eil 1983).
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Table 2.2.6 presents the average composition and properties of coal-tars produced by 
various commercial processes in the UK, Germany and the USA (IARC 1985).
Table 2.2.6 Average Properties of Some Commercial High-Temperature Coal-Tars 
according to McNeil (from IARC 1985)
Property ( i» CVR-tar
Yield (litres/t) 33.6 26.8 - 70.9
Density at 20°C (g/cm3) 1.169 1.175 1.180 1.074
Water (wt %) 4.9 2.5 2.2 4.0
Carbon (wt %) 90.3 91.4 91.3 86.0
Hydrogen (wt %) 5.5 5.25 5.1 7.5
Nitrogen (wt %) 0.95 0.86 0.67 1.21
Sulphur (wt %) 0.84 0.75 1.2 0.90
Ash (wt %) 0.24 0.15 0.03 0.09
Toluene-insoluble components (wt %) 6.7 5.5 9.1 3.1
The aromaticity of the increases and the content of paraffin and phenols decreases 
when the carbonisation temperature increases. Thus, coke-oven tars contain relatively 
small amounts of aliphatic hydrocarbons, whereas CVR tars contain a higher 
proportion of straight-chain or slightly branched-chain paraffin (about 20 % in the 
lower-boiling fractions of tar to 5-10% in the higher distillate oils). Coke-oven tars 
contain about 3 % of phenolic compounds in the fractions distilling at up to 300°C. 
CVR tars, on the other hand, contain 20-30% of phenols.
Both aromatic and heterocyclic rings occur in substituted and unsubstituted forms. 
The aromatic compounds in CVR tars are mostly alkyl derivatives, whereas coke- 
oven tars consist predominantly of compounds containing unsubstituted rings 
(M cN eil  1983).
Both theoretical and analytical results indicated, that the polynuclear aromatic 
hydrocarbon (PAH) profile of tars is relatively independent of the starting material, 
being mainly a function of temperature (KLEFFNER et al. 1981). PAH concentrations 
found in high-temperature coal-tars are as shown in Table 2.2.7.
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Table 2.2.7 Concentrations ( in %) of Polynuclear Aromatic Hydrocarbons (PAHs) 
Found in High-Temperature Coal-Tars (IARC 1985)
PAH* PAHs ^ n v , j v. ■ -
. . . . .  .
Concentration
(•/•)
Naphthalene 10 Benzo[e]pyrene 0.50
Anthracene 1.5 Benzo[a]fluoranthene 0.30
Phenanthrene 5.0 Benzo[b]fluoranthene 0.30
Pyrene 2.1 Benzo[j]fluoranthene 0.30
Fluoranthene 3.3 Benzo[k]fluoranthene 0.40
T etracene(naphthacene) 0.25 Dibenz[aj]anthracene 0.10
Benz [a] anthracene 0.65 Dibenz [a, h] anthracene 0.10
Chrysene 1.1 Picene 0.15
Triphenylene 0.13 Benzo[g,h,i]perylene 0.55
Perylene 0.25 Anthanthrene 0.18
Benzo[a]pyrene 0.55 Indenof 1,2,3-c,dlpyrene 0.50
The idea that the carbonisation temperature is the most important parameter affecting 
PAH-composition is also supported by a study by Novotny et al. (1981). They found 
that coal-tar samples derived from coals of four different geographical origins were 
similar in their major constituents. The main PAHs found in coke-oven tars in that 
study were as shown in Table 2.2.8.
Table 2.2.8 Concentrations (in %) of Polynuclear Aromatic Hydrocarbons (PAHs) 
Found in Coke-Oven Tars according to NOVOTNY in IARC (1985)
Naphthalene 1.0-5.0
Biphenyl 0.1-1.0
Fluorene 0.0-1.0
Phenanthrene 8.7
Anthracene 5.5
Fluoranthene 1.0-5.0
Pyrene 9.9
Chrysene and/or triphenylene 2.4
Benzo[a]pyrene 0.4
Benzo[elpyrene 0.4
Perylene 0.1-1.0
The fact that coal-tar contains high amounts of PAHs was confirmed by other 
investigations. The reasonable differences in PAH concentrations given in the various 
reports can be attributed at least partially to analytical variations between laboratories.
Table 2.2.9 gives an overview of some results of the PAH concentrations found in 
coal-tar products.
\
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Table 2.2.9 Polynuclear aromatic hydrocarbons (PAHs) found in high-temperature 
coal-tars (IARC 1985)
PAH* ration
Anthracene Pharmaceutical
Crude
2880-4350
11000
Lijinsky et aL (1963)
Mariich & Lenkevich (1978)
Benz{» (anthracene Pharmaceutical 
Samples from Detroit
6240-6980
210-602
Lijinsky et a. (1963)
Colucci Sc. Begemann (1965)
Benzo[b]chrysene Pharmaceutical 800-930 Lijinsky et aL (1963)
Benzo[b)fluor>nthenc Crude
Samples from Detroit
Detected
209-492
Kruber & Obetkobusch (1952) 
Colucci & Begemann (1965)
Benzo|] ]fluonnthene Pharmaceutical 
Samples from Detroit
450-630
62-205
Lijinsky et aL (1963)
Colucci & Begemann (1965)
Benzofk (fluoranthene Phamaceutical 
Samples from Detroit
1070-1080
86-608
Lijinsky et al. ((1963) 
Colucci & Begemann (1965)
B enzo[g,h, i]petylene Pharmaceutical 
Samples from Detroit
1230-1890
317-664
Lijinsky et aL ((1963) 
Colucci & Begemann (1965)
Benzo[»]pyrene Pharmaceutical
Experimental
Crude
Samples from Detroit
1760-2080
149
500
93-354
Lijinsky et al. (1963) 
Tomkins et aL (1980)
Zom (1978)
Colucci St Begemann (1965)
Benzo[e]pyrene Pharmaceutical 1850-1880 Lijinsky et aL (1963)
Chrysene Pharmaceutical
Crude
Samples from Detroit
2130-2860
5600
99-728
Lijinsky et aL (1963) 
Mariich Sc. Lenkevich (1973) 
Colucci Sc. Begemann (1965)
Dibenz[a,c]anthracene Crude Detected Lang etal. (1959)
Dibenz|a,h (anthracene Pharmaceutical
Crude
230-300
Detected
Lijinsky et aL (1963) 
Lang et al. (1959)
DibenzJaJ (anthracene Crude Detected Lang etal. (1959)
Dibenzo(a,i]pyrene Crude Detected Schoental (1957)
Fluoranthene Pharmaceutical
Crude
Samples from Detroit
17 700-17 800 
21 500 
94-820
Lijinsky et aL (1963)
Mariich & Lenkevich (1973) 
Colucci & Begemann (1965)
Fluorene Crude 13 700 Mariich St Lenkevich (1973)
Indeno[l ,2,3-c,d]pyrene Crude
Samples from Detroit
Detected
135-457
Lang etaL (1959)
Colucci Sc. Begemann (1965)
Pcrylene Pharmaceutical 700-760 Lijinsky et al (1963)
Phenanthrene Pharmaceutical
Crude
13 600-17 500 
43 000
Lijinsky et al (1963)
Mariich Sc. Lenkevich (1973)
Pyrene Pharmaceutical
Crude
Samples from Detroit
7950-10 500 
12 300 
144-1045
Lijinsky et aL (1963)
Mariich Sc. Lenkevich (1973) 
Colucci & Begemann (1965)
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2.2.2.2 Coal-Tar Pitch
The protective coatings of storage tanks and the linings of water distribution mains 
usually consist of coal-tar pitch treated with anthracene oil. US production of such 
products is believed to be more than 100 thousand tons per year. Black varnishes 
(soft pitches fluxed usually with heavy anthracene oil) are used to some extent as 
protective coatings for industrial steelworks and timber buildings and as antifouling 
paints for marine applications. Pipe-coating enamels, made by fluxing a coke-oven 
pitch with anthracene oil, are used to protect buried oil, gas and water pipes from 
corrosion. In 1981, about 4 thousand tonnes of pitch were used in the UK to produce 
about 19 thousand tonnes of pipe-coating enamel, most of which was exported to the 
Middle East (McNEIL 1983).
Coal-tar pitch is a dark-brown-black, shiny, amorphous residue produced during the 
distillation of coal-tars ( C o l l in  &  K O h le r  1977, H a w le y  1981, C o l l i n  1985). Pitch 
is composed of many different compounds which interact to form eutectic mixtures, 
consequently it does not show a distinct melting or crystallisation point. Rather, it is 
characterized by its softening point (the temperature at which a given viscosity is 
reached). This softening point is usually in the range of 68°C. Depending on the depth 
of distillation, pitches with different softening points can be obtained e. g., medium- 
soft pitch or very hard pitch (CONSIDINE 1974, COLLIN & KOHLER 1977). The main 
properties of coal-tar are summarised in table 2.2.10.
Table 2.2.10 Characteristics o f  coal-tar pitch (COLLIN & ZANDER 1982)
Property or Compound ; Dimension Value
Density [g/cm3] 1.27-1.28
Softening Point [°C] 68±3
Break Point [°C] 30-40
Carbon [%] 92-94
Hydrogen [%] 4-5
Nitrogen [%] 1.0-1.3
Sulphur [%1 0.5-0.8
Oxygen [%] 1-2
Toluol-Insoluble Components [%1 15-25
Quinoline-Insoluble Components [%] 3-5
Residue [%] 35-45
Pitch contains mainly PAHs and their methyl- and polymethyl derivatives, as well as 
heteronuclear compounds (COLLIN & KOHLER 1977). With increasing molecular
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weight of the fractions, only qualitative information is available about pitch 
constituents. If the ring systems become larger, more heteronuclear atoms are present, 
and the number and length of alkyl chains decrease (CONSIDINE 1974, McNeil 1983).
Benzocarbazole was detected by BENDER et al. (1964) in a coal-tar pitch made by an 
unspecified process. Benzopyrene concentrations of 100-350 pg/kg were found in 
lignite-tar pitches used in the German Democratic Republic (ScHUNK 1979).
The least complex of the PAHs in high-temperature coal-tar pitches are the 
compounds with four rings; e. g., chrysene, fluoranthene, pyrene and benzanthracene. 
The compounds with four to seven rings constitute about 40-50% of a medium-soft 
coke-oven pitch. PAHs found in high-temperature pitches are summarised in Table 
2 . 2 . 11 .
Table 2.2.11 PAHs Identified in a Coal-Tar Pitch (BLOMER et. al. 1978)
PAHs in a Coal-Tar Pitch
Benzo(a)naphto(2,1 -d)furane Picene
Benzo(a)fluorene Indeno( 1,2,3 -cd)pyrene
Fluoranthene Anthanthrene
Pyrene Benzo(ghi)perylene
1-Mehylpyrene Coronene
3-Methylpyrene Dibenzo(ae)pyrene
Benz(a)anthracene Benzo(b)4-aza-fluorene
Chrysene Carbazole
Benzo(k)fluoranthene Benz(a)acridine
Benz(e)acenphenanthrylene 1 - Azapyrene
Benzo(a)pyrene Benzo(b)carbazole
Perylene Benzo(a)carbazole
Approximately 70% of the constituents o f coal-tar pitch were identified by BlOMER 
et.al.using HPLC - technique (1978).
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Regarding the structure of the higher molecular compounds different statements are 
found in the literature. The values for the molecular weight vary from 2,000 to 3,000. 
Investigations using the 13C-nuclear-resonance spectroscopy showed, that 97 % of 
carbon atoms are in an aromatic bond ( S a u e r l a n d  et.al. 1977).
Some 20 nitrogen compounds were identified in a coke-oven pitch by BURCHILL et. 
al. (1983). The concentrations found ranged from 62 - 2,690 mg/kg. Further, it could 
be shown, that the age of the coal-tar material exposed to the environment does not 
lead to the depletion of the material on PAHs. Phenanthrene, anthracene, 
fluoranthene, pyrene, benzanthracene, chrysene, benzofluoranthene and benzopyrene 
were still present and found in old coal-tar pitches of pitch roofs (Reed 1983).
Figure 2.2.2 HPLC-Chromatogram of a Coal-Tar Pitch (from COLLIN &  ZANDER et. 
al. 1982, in German)
time [inin] -»
2.2.3 Toxicology of Coal-Tar
The discovery of the carcinogenic effects of coal-tar was made in 1775 by a British 
scientist, who attributed the high incidence of scrotal cancer among chimney sweeps 
of London to their continual contact with coal tar and their poor hygienic living 
conditions (POTT 1775). The first experimental production of tumours on the ears of 
rabbits by repeated application of coal tar was achieved by Y a m a g iw a  AND 
ICHIKAWA in 1915 and the first enquiry into the chemical basis of tar was that of 
B l o c h  and D r e i f u s s  in 1921, who concluded from their observations, that the 
substance responsible must be a high-boiling, neutral, non-nitrogenous compound.
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The investigations from the working environment and the analysis of coal-tar related 
products (including soot, fly ash and particulates) showed, that a high health hazard 
can be attributed to these products (A n d e r s o n , L e v in  &  N il so n  1983, 
Ste in h Au s e r  et.al. 1989). It is reported that during mouse skin carcinogenesis 
bioassays coal-tar was shown to be positive as a complete carcinogen in the mouse at 
2pl per application once weekly for 30 weeks (R o b in so n  et. al. 1984).
The mutagenic activity of creosote, a coal-tar distillation product was connected to 
the presence of fluoranthene (Bos et.al. 1987). It seems that in soot or its total 
fraction the mutagenic and carcinogenic potency is greater than could be accounted 
for on the basis of the amounts of constituents with known activity. Presumably, due 
to synergistic effects the mutagenic activity of soot extracts ranged from 10 to 20 
times higher than could be accounted for benzo[a]pyrene present (K a d e n  et. al. 
1979). The experiences at waste sites of gasification plants confirmed these findings 
(SCHEIBEL et.al. 1991, STARKE, HERBERT & ElNSELE 1991).
The evaluation of the carcinogenic risk of coal-tar and derived products is reported by 
the IARC (1985). The authors concluded, that there is sufficient evidence for the 
carcinogenicity in experimental animals of coal-tars, creosote oils and coal-tar pitches. 
Furthermore, it is reported, that there is sufficient evidence that occupational 
exposure to coal-tars, as it occurs during one destructive distillation of coal, is 
causally associated with the occurrence of skin cancer in humans. The findings of the 
few studies available on other occupational exposure to coal-tars are consistent with 
that evaluation, but there is sufficient evidence that coal-tar pitches are carcinogenic 
in humans and there is limited evidence that coal-tar-derived creosotes are 
carcinogenic in humans (IARC 1985).
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2.3 Coal-Tar as a Method of Corrosion Protection in Drinking Water 
Distribution Systems
2.3.1 History of Corrosion Protection with Coal-Tar-in Water Supply
The application of coal-tar based materials as a corrosion protection method for water 
mains was employed since approximately 1864 in the U.K. and Germany. Gerstner 
reported, that during the development of the water supply in Karlsruhe, Germany, 
cast iron water mains were heated up in an oven and dipped into a tank which 
contained tar. However, to prevent the deterioration of the taste of the tap water it 
was not permitted to lay water mains which have a thick coating. It is interesting that 
the possibility of an organoleptic problem, arising from the coal tar lining, was 
mentioned (Gerstner 1871).
The basis for the protective coatings was coal-tar pitch derived from coal-tar as a 
residue from the distillation process (Chapter 2.2). The good resistance of coal-tar 
against moisture, industrial gases and corrosion, as well as the low prices of 
production, were the reasons for its employment as protective paints, coatings and 
linings in a wide range (Meyer 1953).
On the occasion of the construction of a drinking water service reservoir, a 
specification of the procedure for the water pipes was given by Uren in 1903. He 
reported that all cast iron castings were heated up to a temperature of 400 degrees 
Fahrenheit, and dipped into a mixture of tar, oil and coal-tar pitch according to a 
coating material called " Dr. Agnus Smith s varnish". This varnish was universally 
adopted in the U.K. and it was witnessed, that these procedure secure protection 
against corrosion of all kinds (UREN 1914).
As in the case of cast iron pipes, protective coatings were also applied to steel pipes, 
usually consisting of a bitumastic solution similar to Dr. Agnus Smith s. It is reported, 
that the pipes were lined internally with a thickness of about three-sixteens of an inch 
of the material applied hot by a centrifugal process (BURTON & Dumbleton 1928). 
Comparable procedures for corrosion protection of cast iron and steel water pipes 
were reported in Germany (Brix et. al. 1936). The manufacturers of water mains laid 
in London reported that coal tar was commonly used in order to prevent corrosion 
protection at the end of the last century (Stanton Ironworks, 1936).
Due to the long term stability of the paints, this method for corrosion protection with 
coal-tar pitch based materials was one of the most commonly applied procedures to 
the water mains in the United States, in Germany until 1972 and in the U.K. until 
1977. After this time the material for internal coatings was changed from coal tar 
linings into a protective layer of cement mortar and for a certain time partially bitumen 
(AWWA 1962, CLOUSER 1964, PROUDFIT 1978, BRANDON 1984, DoE 1989),
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It was also common many years ago to line household plumbing pipes, fittings and 
storage cisterns with coal tar. Repairs were often carried out by plugging holes and 
painting over them with coal tar pitch. According to the application of paints to water 
mains it is now illegal, to use coal tar or any bitumen based material in household 
plumbing systems (GRAY 1994).
2.3.2 Methods of Application on Water Mains
Industrial methods for the application of the protective coatings were developed at the 
turn of the century. The specification of the industrial procedure for dipping water 
pipes required, that immediately after having been tested and before the rust begins, 
and in any case not later than forty-eight hours after having been removed from the 
moulds, all cast iron castings have been carefully heated to a temperature of 400 
degrees Fahrenheit (204°C), and were dipped into a mixture of tar, oil and coal-tar 
pitch according to Dr. Agnus Smith's process (WATSON 1903). It was sometimes 
specified, that the pipes were dipped cold and left in the bath till they reached the 
same temperature as the varnish. It was, however, probably best to specify, that they 
were heated also to about 400° Fahrenheit and dipped for five minutes. They were 
then removed and stood on end to drain. The surface of the coating should have been 
quite black and retain a bright gloss. The coating should adhere so firmly to the 
surface of the water pipe that it would have been impossible to remove it by 
mechanical means without removing some of the iron with it (Burton  & 
DUMBELTON 1928).
The coating of water pipes by using the method of dipping was refined and automated 
in the next decades. It was very common in Germany to heat up the pipes to a 
temperature of 150 °C and dipped into a varnish of 60-70 % pitch and 30-40 % high 
boiling tar-oils with a temperature of 100-120 °C. Using this method of 
manufacturing, the light-oil could escape which shortened the hardening procedure. 
During the hardening procedure a molecular conversion (polymerisation) happened, 
which gave the coating a high resistance against mechanical strain (PARDEN 1950, 
KLEIN 1996). The equipment for dipping water pipes is shown in figure 2.3.1.
Figure 2.3.1 Equipment for Dipping Water Mains (from DIETER et. al. 1970)
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Figure 2.3.2 Basin for the Heating of Coal-Tar Mains [mm] (from DIETER et. al. 
1970)
The technical regulations prescribed a minimun thickness of the coating of 0.07 mm. 
With an organoleptic examination method, the deterioration of the water after a 
residence time of 16 hours of coated samples in a water basin was examined by 
experienced inspectors (DVGW GW6 1969; DVGW GW5 1971). In the UK. the 
BRITISH Standards Bs 534:1966 prescribed a thickness of the bituminous linings of 
water mains between 2 and 7 mm for steel pipes with a diameter of 300 to 900 mm 
whereas coal-tar was found to be generally very thin about 0.1 mm (Brandon 1984).
Furthermore, the protective coatings must have had a sufficient range of plasticity. 
Coal-tar pitches have no clear hardening- or melting-point. The transition from the 
solid state passing the plastic state and ceasing in the liquid state takes place gradually 
with increasing temperature. In Germany the "Deutsche Institut fur Normung" has 
published technical regulations where the examination procedures for testing the 
quality of coal-tar materials are laid down (Din 1995 1960, Dvgw 1990).The two 
most important parameters are the break point and the softening point. The range 
between these values defines the range of the plasticity. The greater the range 
between break-point and softening-point, the greater the range of the plasticity. This 
parameter was used to describe the resistance against temperature and mechanical 
stress (Dieter & Tiedge 1970). The crude coal-tar pitch has a range of plasticity of 
app. 30°C which caused splinters on impact from the surface at temperatures below 
+10°C. Because of the few areas of employment for such materials, hard pitches with 
a softening point above 130°C were developed which had a range of plasticity of 
100°C and more. It was possible to produce these materials with a higher boiling 
point by adding tar oils with a high boiling point during the manufacturing process 
(Meyer 1953). For protective coatings of water pipes the volatile tar oils with a 
boiling point below 270°C were removed by a distillation procedure to get a material 
suitable for application by dipping (PARDEN 1950).
2.3.3 Current Distribution of Coal Tarred Water Mains
In the UK., 60% by length of the distribution pipes are reported to consist of ductile 
iron which were coated internally with coal-tar (Crane et.al. 1981). Asbestos cement 
pipes were also coated as well as water storage tanks (ALBEN 1980a, Gray 1994). In 
Germany coal-tar lined pipes were used until 1972 very intensively so that 30 to 60%
|* 1200-—“J
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of the water mains are coated with this preservative solution (Maier et. al. 1996). It 
was estimated that about 75% of all underground petroleum, gas and municipal water 
pipelines in the USA have been coated with coal-tar enamels (Larson 1978, in
Table 2.3.1 Use of Coal Tar Lined Pipes (Horth 1997)
■— p .. ...4 ..—
-------------------
Austria Never used (small proportion 
of bitumen lined pipes may be 
in use)
Date new. . s. ..
........ -----------------
Reasons for 
discontinuing use of 
coal tar lines pipes
Belgium Used in the past, but no 
indication of the extent
1940s physical, biofilm and 
organoleptic problems
Denmark Some used in the past Unknown -
Finland Relatively small amounts 
used in past but, due to 
aggressive waters, probably 
no lining left
most large distribution 
systems relatively new. 
extensive use of 
plastic pipes
France Used in the past 1960 Taste and odour 
problems in 
chlorinated water, 
detachment of lining
Germany Used extensively, estimated 
30-50 % of mains, depending 
on supply
1972 -1975° Health concern (PAHs)
Greece
:
Limited use in the past No longer used 
(not
known when new 
installation 
discontinued)
Unknown
Ireland Used in the past, and possibly 
some remaining in use
Mid 1970s Cement lined ductile 
iron used instead
Italy Unknown (probably not used 
extensively)
- -
Luxembourg Never used - -
The
Netherlands
Used by one water supplier 
only, but all replaced
early 1980s Use of coal tar and 
bitumen in contact with 
drinking water banned
Portugal Unknown, but not thought to 
have been used extensively
No longer used Unknown
Spain A relatively small amount 
used in the past
1960 or earlier Scale build-up
Sweden Never used - -
England and 
Wales
Used extensively in the past, 
>2 % 213) still in use
1977 Health concern (PAHs)
!) remark of the author , produced until 1972, probably laid until 1975
2) based on lengths defined for rehabilitation for recent DoE study (Bu c k la n d  et al. 1996 cited in 
H o r th  et. al. 1997).
3) remark of the author: C ra n e  et. al. (1980 and 1981) repored up to 60 %.
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IARC Monographs). A recent study of the WRc has revealed, that in the EC coal-tar 
lined water pipes have been used very intensively in the past, but no precise 
knowledge is available on the distribution of these mains at the present. Table 2.3.1 
gives an overview of the use of coal-tar lined pipes in some countries of the EC.
It must be concluded from these data that there are some regions, especially in rural 
areas, where coal-tar lined water pipes are still in use to a great extent. If no 
rehabilitation activities have taken place, these distribution systems represent a 
considerabe potential source for PAH contamination of the potable water. Contacts 
with several Water authorities and Water Suppliers in France, Italy and England 
revealed, that coal-tar lined pipes were widely used in many countries in Europe (VAN 
DEN H o v e n  1995, F o r s l u n d  1996, Davi 1996, H o r th  1997) and there is limited 
knowledge on the current distribution of coal-tar based materials.
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2.4 Coal-Tarred Water Mains and Drinking Water Quality
2.4.1 Previous Observations of Elevated PAH Concentrations in Drinking 
Water
The coal-tar linings usually applied to iron pipes contain massive levels of PAHs and 
these readily leach into the water supply by diffusing into the water itself. 
Fluoranthene is one of the most soluble of the EPA-PAH compounds and so will 
comprise the bulk of the total PAHs present, although PAH compounds can also be 
found in drinking water due to small fragments of the lining becoming detached. As 
coal-tar pitch ages, small particles can be shredded from the lining by the flow. 
Exfoliated particles are dens black in colour and are commonly seen in mains deposits 
and when the mains are flushed. The particles contain high concentrations of all the 
PAH compounds up to 50% PAHs per weight. It is commonly accepted, that there 
are sufficient PAHs in coal tar linings to produce water containing 200 ng/1 PAHs for 
well over 100 years (Gray 1994).
The possibility of the occurrence of PAHs due to coal-tar lined pipes is attributed to 
the age of the water mains. LlNDLEY (1997) gave the following classification for the 
risk of water deterioration with PAHs by water mains:
Table 2.4.1 Categories of "at-risk mains" (LlNDLEY 1997)
^  j |  ||§ §  A  *be mains
1. High risk Ferrous mains laid between 1945 and 1977
2. Low risk (control) All non-ferrous or post-1977 ferrous mains
3. Medium risk Pre-1945 ferrous mains
Under normal circumstances the concentration of PAHs will be within the EC limit of 
200 ng/1, although studies have shown that increased levels are common in some 
distribution systems, exceeding the maximum concentration limit. The first indication 
about the leaching out of PAHs from the coal-tar lining of water pipes were made by 
B o r n e f f . He showed that the concentrations in tap water did not correspond in 
every case with the raw water sources. He found about 8 ng/1 in raw water wells but 
after passage through water treatment and the water distribution system the 
concentrations increased up to a maximum level of 185 ng/1 respectively, with a mean 
value of 50 ng/1. The source which was presumed to cause the elevated PAH 
concentrations was the coal tar and bitumen coating of the water mains (B o r n e ff  &  
Kn e r r  1959, B o r n e ff  1967, B o r n e ff  1969). Without identifying the possible 
sources of contamination, some investigators found low levels (ng/1) of PAHs in 
potable water systems (B a s u  &  Sa x e n a  1978a and 1978b, So r r el l  &  Re d in g  
1979, B en o it  et. al. 1979).
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To determine the potential for contamination of water by commercial coal-tar 
materials, Alben reported on samples of water which were exposed to coal-tar 
collected in a commercial storage tank. In addition to this, test panels were exposed 
to tap water under laboratory conditions. She found, that the leachate of the storage 
tank (tenths of microgram per liter) compared with those from the test panels showed 
significant differences, which can be interpreted with the differences in the exposure 
time of the water to the coal-tar surfaces (ALBEN 1980a, ALBEN 1980b).
A survey of the PAH levels in British drinking water carried out in the mid 1970s, 
showed concentrations of the six indicator PAHs below 200 ng/1. The report 
recommended further study of the occurrence of coal-tar pitch particles (CRANE et. 
al. 1980, Crane et. al. 1981, Ainsworth et. al. 1996). Investigators in the U.S.A. 
reported, that in 67% of the water supplies studied in survey, a measurable increase of 
PAH concentrations occurred as a consequence of treated water travelling through 
petroleum asphalt lined distribution pipes. Both, asphalt and coal-tar linings are 
known to contain high levels of PAHs, although the levels of PAHs in coal-tar 
materials are higher than in asphalt or bitumen (MILLER et. al. 1980, MILLER et. al. 
1982, BASUet. al. 1984, FRENSCH1987).
Differences in the levels of PAH concentrations were found between water obtained 
from groundwater compared with that from surface water (Gray 1994). PAHs 
leaching out from bituminous water pipes was investigated in Italy by Davi. (1994). 
One paper was published regarding the problem of disinfection methods and the 
occurrence of PAHs. The Department of Environment of the U.K. suggested, that the 
use of chlorine dioxide can produce elevated PAH concentrations compared with 
chlorine gas (DoE 1989, TWORT 1994).
The monitoring programmes carried out in recent years in the UK showed, that the 
number of zones not complying with the standard for PAHs has risen steadily with an 
increase of 78% from 1991 to 1995, and 12.7% of zones investigated failed the 
standard in 1995 (DoE 1996a, DoE 1996b, Ends 1996a). The contraventions of the 
EC standard have been caused by only one of the six indicator PAHs, fluoranthene, 
being present at concentrations significantly in excess of the concentrations of the 
other five. (Young et. al. 1994, DoE 1996, Lindley 1997). It was found, that 
contravention of a PAH standard in a water supply zone does not mean that the entire 
system is non-compliant (DoE 1996). In Northern Ireland and England & Wales the 
percentage of samples failing the standards for total PAHs was found to be 4.7 to
4.9 % (ENDS 1996b, ENDS 1996c). As a result of these detections the pipes of supply 
zones were rehabilitated with epoxy-resin materials (De Ro sa & Crane 1993, SMITH 
1997).
A recent study carried out by Horth (Table 2.4.2) showed, that PAH problems were 
evident as a result of the use of coal-tar lined pipes in some EC member states 
(Ho rih  1997).
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Table 2.4.2 Monitoring of PAHs in Drinking Water Data (data from H o r t h  et. al. 
1997)
Sam lino I ti
*1r v ■? (Contravention
Austria Yes Distribution network No Always below 
detection limit
Belgium Yes Treatment works, 
distribution system and 
20 % at customer’s taps
No Rare incidents
Denmark No - No -
Finland Yes Distribution system No Usually below detection 
limit
France Yes Occasionally in 
distribution system, 
public drinking 
fountains and 
consumers’ taps
Yes one contravention 
reported (460 ng l "1 
fluoranthene)
Germany Yes Treatment works 
(some surveys in 
distribution systems)
Yes Some high levels and
contraventions
(fluoranthene)
Greece Unknown - No Unknown
Ireland No - No -
Italy Some Distribution systems 
consumers’ taps
Yes Very low levels found
Luxembourg Unknown - No -
The
Netherlands
Yes Raw and treated at 
treatment works
Yes Usually below detection 
limit or below EU 
standard
Portugal Unknown - No Unknown
Spain Yes Consumers’ taps 
(public buildings)
No Unknown 
(isolated incidents)
Sweden Yes - up to 
3 years ago
Raw Treated Consumers’ 
taps
No No
England and 
Wales
Yes Customers’ taps Yes Contraventions in 12.7 
% of zones in 1995
The author showed, that there is a lack of knowledge about the current distribution of 
coal-tar lined water mains as well as limited data on the levels of PAHs during water 
distribution. In many countries continuous monitoring of the water at the customer’s 
tap is not regulated by the national water acts. Therefore data are only sparsely 
available and the detection of the failure of the PAH guideline value is often only 
made by accident. Furthermore, there are different opinions of the health authorities if 
a deterioration of the drinking water was present.
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Results of PAH monitoring comprising the six indicator PAHs carried out by the 
health authorities of the State of Baden-Wurttemberg, Germany, showed, that of 56 
water samples taken at the end of the distribution system (probably customers taps), 
PAHs were detected in 29 samples. Fluoranthene was the most frequently detected 
and present at much higher concentrations than the other five PAHs (Clua 1995).
Table 2.4.3 Results of a survey of PAHs in drinking water in Germany (after CLUA 
1995)
PAHs Number of samples
Max
conc.
njt/l' I f  \
total 
number |
number in 
which 
PAHs 
detected
PAHsexpres
... . ........ _ _...... . . .
led as ng/1 C
<50 50-100 101-200
3 k  ) &
Fluoranthene 35 29 25 2 2 190
Benzo(b)-
fluoranthene
35 8 8 - - - 3
Benzo(k)-
fluoranthene
35 4 4 - - - 2
Benzo(a)-pyrene 35 3 3 - - - 4
Benzo(ghi)-
perylene
35 1 1 - - 2
Indeno( 1,2,3- 
cd)pyrene 
Total PAHs
35
56
2
29
2
25 2 2
3
191
Data obtained by a survey of the Grundwasserdatenbank Wasserversorgung, 
an organisation which collects the analytical results of the raw water samples taken in 
the State of Baden-Wurttemberg, Germany showed, that 95 % of the raw water 
resources in Baden-Wurttemberg abstract water which can not be considered to be 
contaminated (<10 ng/1) with PAHs at a significant level. The data shown in table
2.4.4 consider the different detection limits of the analytical techniques used for the 
determination of the PAHs levels (< 1 ng/1, < 10 ng/1 and <50 ng/1) as well as the 
levels of the six indicator PAHs in 1995 and 1996. It is obvious, that in most cases the 
raw water does not contain any PAHs and the contamination of the distributed water 
is caused during the transport through the water mains.
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Table: 2.4.4 PAH Concentrations in Untreated Ground Water of Baden-Wiirttem- 
berg (after Grundwasserdatenbank Wasserversorgung 1996)
Compound Year number
o f
values
be]
< ln g / l
oiv detect 
lim it  o f 81 
<10 ng/1
ion
<50 ng/1
1 - 1 0
ng/1 *
100
-2 0 0
ng/1
> 2 0 0
ng/1
max. con­
centration
ng/l
Total six 
PAHs
1995 450 b> 17 279 86 -fe. 00 20 0 0 69
1996 462 b) 35 269 99 34 24 0 1 480
fluoranthene 1995 363 27 284 23 20 9 0 0 31
benzojbj-
1996
1995
377
363
48
75
272
258
28
21
13
9
15
0
0
0
1
0
280
9
fluoranthene
1996 377 102 239 29 6 1 0 0 60
benzo [kj- 1995 363 79 258 21 5 0 0 0 7
indeno [1,2,3-
1996
1995
377
363
103
71
239
258
29
29
5
5
1
o
0
0
0
o
30
6
cd]-pyrene
1996 377 87 241 46 2 1 0 0 20
benzo- 1995 363 70 257 21 14 1 0 0 16[ajpyrene
benzo[ghi[-
1996
1995
377
363
97
71
241
258
27
29
9
5
3
0
0
0
0
0
60
5
perylene
1996 377 87 241 46 2 1 0 0 30
a) different detection limits due to different analytical techniques
b) different number of values due to the application of a rapid screening test
2.4.2 Current Methods for Minimisation of PAHs in Drinking Water
When a deterioration of the drinking water by coal-tarred water mains is detected, 
only three methods for the elimination of the contamination of the water are applied 
at present: first, the rehabilitation of the water mains by relining procedures where an 
epoxy-resin material is applied after the scraping of the old, coal-tar containing lining. 
Second, the removal of the pipes and the replacement by eg. cement mortared water 
pipes. But these methods are related to very high capital expenditure which increases 
the cost of water supply for the customer. The third method is the application of small 
water treatment plants in the distribution system with activated carbon for the 
adsorption of the PAHs in order to improve the water quality. However, the 
application of this method is limited to small water supply systems.
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2.5 Biofilms in Water Distribution Systems
2.5.1 Introduction
Biofilms occur in potable water supply systems irrespective of disinfection practices. 
The following chapters will describe biofilms from the point of view of the hypothesis 
that the biofilm is a protective shield for substances leaching out from the internal 
lining of the pipes after the biofilm is reduced in its microbial activity. Moreover, the 
literature on the release of particles from biofilms into the water is reviewed.
2.5.1.1 Biofilms in Aquatic Systems
Biofilms are complex accumulations of microorganisms immobilized at a surface and 
embedded in a polymer matrix which is produced by the organisms itself. 
Microorganisms attach to almost every surface exposed to an aquatic environment. 
The immobilized cells grow, reproduce, and produce extracellular polymers (EPS) 
which frequently extend from a cell forming a tangled matrix of fibers which provide 
structure to the assemblage termed a biofilm. Thus, the biofilm can be considered as 
an organic polymer gel with living microorganisms trapped in it, where the microbial 
species and their morphology as well as the EPS composition largely determine the 
physical properties of the biofilm (C h arack lis  & M a rs h a ll  1990a, C h arack lis  
et. al. 1982). It is estimated, that up to 99 % of the microbial biomass in natural and 
technical systems is represented by sessile bacteria and not by suspended planktonic 
bacteria (LAPPIN-SCOTT & COSTERTON 1989, COSTERTON 1997).
Costerton & Lappin-Scott named five reasons why microorganisms attach to 
surfaces: First, "because physical forces may be involved in the attraction or 
electrostatic repulsion of bacteria to or from surfaces, as both are charged or 
hydrophobic. Second, the charged nature of surfaces attracts soluble polymers to 
which bacteria are attracted. Bacteria become attached to these surface-bound 
nutrients via cellular appendagees, such as pili and exopolysaccharides. Third, bacteria 
may be simply transported by gravitational forces to form sediments on surfaces. 
Fourth, Brownian motion brings bacteria into contact with surfaces, and fifth, various 
forms of chemical bonding, such as hydrogen bonding, attract and attach bacteria to 
surfaces" (Costerton & Lappin-Scott 1989).
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2.5.1.2 Processes of Accumulation and Attachment
Hence, the biofilm accumulation in aquatic systems can be regarded as the net result
of the following physical, chemical, and biological processes (CHARACKLIS &
Marshall 1990a):
• Organic molecules are transported from the bulk liquid fluid to the substratum, 
where some of them absorb, resulting in a conditioned substratum.
• A fraction of the planktonic microbial cells are transported from the bulk water to 
the conditioned substratum
• A fraction of the cells that strike the substratum adsorb to the substratum for some 
finite time, and then desorb. This process is termed reversible adsorption.
• Desorption may result from fluid shear forces, but other physical, chemical, or 
biological factors may also influence the process.
• A fraction of the reversibly adsorbed cells remain immobilized beyond a "critical" 
residence time and become irreversibly adsorbed.
• The irreversibly adsorbed cells grow at the expense of substrate and nutrients in the 
bulk water, increasing biofilm cell numbers. The cells may also excrete the EPS, 
which hold the biofilm together. Thus, biofilm accumulation increases through 
microbial metabolism.
• Cells and other particulate matter attach to the biofilm, increasing biofilm 
accumulation. Attachment is the immobilization of cells and other particulate 
matter in the biofilm, while some adsorption refers to the same process occurring 
on the substratum.
• Portions of the biofilm detach and are re-entrained in the bulk water. Detachment 
refers to the loss of material from the biofilm, while desorption is loss of cells and 
other material from the substratum. Detachment may be termed erosion or 
sloughing, depending on the nature of the biofilm loss.
Figure 2.5.1 Biofilm Formation after Characklis & Marshall (1990).
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The progression of biofilm accumulation frequently takes the form of a sigmoidal 
curve (Figure 2.5.2) which can be divided into three phases (Characklis & 
Marshall 1990a, Flemming 1992a, Flemming 1992b): (1) initial events, (2) 
exponential or log accumulation (3) a plateau or steady state phase.
Figure 2.5.2 The progression of biofilm accumulation (Characklis & Marshall 
1990a)
introduction
2.5.1.3 General Composition of Biofiims
Very simple biofilms are composed of microbial cells and their products which are 
very adsorptive and porous contain over 95 % of water in their structure. As a result, 
more complex biofilms can also consist o f a large fraction of adsorbed and entrapped 
materials such as solutes and inorganic particles (Characklis & Marshall 1990a, 
VAN De r Kooij et. al. 1995). Especially in an oligotroph environment the formation 
of a biofilm was proved to be a strategy for the survival of bacteria due to the 
accumulation of nutrients at the surface film which are enriched also in the gel-matrix 
(HERSONet. al. 1987, Flemming 1992a, Mueller 1996).
Biofilms observed in the aquatic environment can be a uniform coverage of the 
surface as well as quite patchy in other locations. The thickness of biofilms can vary 
from a monolayer of cells up to a thickness of 300 to 400 mm, and provide a variety 
of microenvironments for microbial growth (Characklis & Marshall 1990a, 
Mittelman 1995). In drinking water systems biofilms are found to be thin with a 
maximum thickness of a few 100 pm (VAN DER WENDE & CHARACKLIS 1990).
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2.5.1.4 Schematization of the Biofilm System
After Horn & Hempel, an aquatic biofilm system can be schematized by four system 
compartments: (1) the substratum, (2) the base biofilm, (3) the surface film and (4) 
the water bulk (figure 2.5.3) (HORN & HEMPEL 1996, HORN & HEMPEL 1997). Each 
compartment is characterized by at least one phase: gas, liquid or solid (Characklis 
& Marshall 1990).
HORN & HEMPEL distinguished between a liquid phase of the biofilm called surface 
film (dissolved components such as nutrients and oxygen) and a solid phase of the 
biofilm called base film (active biomass, exopolymer substances (EPS), inert mass), 
which are in interaction. Further, they described the transfer processes at the 
boundary layer water-biofilm. For the verification of their model, they measured 
oxygen profiles in biofilms which showed, that the oxygen concentration decreased 
rapidly trough a depth of 300 pm from 5-6 mg/1 to 1-2 mg/1 in a depth of 200 pm, to 
zero at the substratum. In addition, they showed that the oxygen penetration into the 
biofilm is dependent on the flow velocity and the Reynolds number.
Figure 2.5.3 Biofilm system (modified after HORN & HEMPEL 1996)
Furthermore, their batch experiments indicated, that in the first days the biofilm was 
completely penetrated with oxygen. After 91 days oxygen limitation in the biofilm 
occurred and at a depth of 200 pm anaerobic conditions could be found. In contrast, 
in experiments using a continuous flow biofilm reactor the oxygen concentration was 
6 mg/1 in the water and 5.6 mg/1 at the substratum in the first days. After 191 days the 
biofilm of the reactor was oxygen limited and showed anaerobic conditions down to 
400 pm biofilm thickness (Horn & Hempel 1996),
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2.5.1.5 Colonization of Biofilms
When more than one species of bacteria is present in the biofilm, colonization patterns 
differ, as each species may react differently with the surface. The composition and the 
properties of the biofilm matrix (glycocalyx) depends on the bacterial inhabitants. For 
example, the exo-polysaccarides, produced by some species will bind metal ions and 
thus alter the chemical nature of the biofilm. Also, metabolic products such as organic 
acids can become trapped within the film, sometimes leading to marked differences in 
adjacent microcolonies. In this manner, a homogenous surface is transformed by 
bacterial colonization into a profoundly heterogenous surface, and the fixed nature of 
bacterial biofilm perpetuates these local chemical and physical differences so that 
bacteria may affect a surface profoundly (by corrosion or digestion) as a consequence 
of this bacterially induced heterogenity (COSTERTON & Lappin-Scott 1989).
2.5.2 Biofilms in Water Mains
Biofilms in water distribution systems often provide a variety of microenvironments 
for growth that include aerobic and anaerobic zones due to the oxygen diffusion 
limitation within the biofilm. Biofilm appears to be interlaced with water channels, 
that have been reported to constitute as much as 40 to 60 % of the total biofilm 
volume (COSTERTON 1997). A conceptual model of a biofilm has been developed from 
research studies at the Centre for Biofilm Engineering, Montana State University. 
This structural model can be configured for the coexistence of a variety of different 
organisms within favourable micro-niches and still have access to nutrients in the bulk 
water (figure 2.5.4).
Figure 2.5.4 Conceptual Model of the Structural Heterogenity of Biofilms (received 
via Internet from CENTRE FOR BlOFILM ENGINEERING, 1997)
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In the distribution system, attachment surfaces may be pipe surfaces, sediments, 
tubercles, water storage tank compartments, valves, gasket materials in fittings, and 
recesses in fire hydrant construction. Biofilms are initially formed when pioneering 
organisms enter the distribution system and become entrapped in some slow-flow 
area, line obstruction, or dead-end sections. While some of these microorganisms are 
held only by random entrapment, others are more likely to succeed in their attachment 
because of extracellular appendages (glycocalyx) that extend from the cell membrane. 
R eil l y  &  K ip p in  have demonstrated that many soil and aquatic bacteria have such a 
glycocalyx.
The glycocalyx is essential to the biological success of most bacteria in the varied 
natural environments in which they are observed. The fibers of the glycocalyx are 
negatively charged, and they attract divalent cations that mediate the anchoring of the 
organism to a surface so that the bacterium will not be carried away in the flowing 
water. Obviously, iron pipes can supply this type of base (R e il l y  &  K ipp in  1983). 
The glycocalyx appendages either become enmeshed in the crevices of porous 
sediment or tubercle material or attach themselves to other surfaces through their 
gelatinous secretions (G e l d r e ic h  1996). Once a single bacterium has anchored itself, 
it may then build microcolonies. Other species may enter the glycocalyx of the 
microcolony and establish themselves if the relationship is beneficial to the 
participants. A common glycocalyx can serve as a good reservoir for nutrients, ions, 
and molecules that enter into the environment around it like an ion-exchange resin 
(REILLY &  K ip p in  1983). Scanning electron micrographs of the biofilm habitat 
revealed the substrate to be either amorphous, porous, or crystalline with 
microorganisms entrapped in sediment or attached to fracture lines, porous areas, or 
encrustations at the surface. These sites tend to be protected from the overlying flow 
of water supply with the biofilm expansion generally being restricted by the shearing 
action of water movement (R id g w a y H. F & Ol s o n  B. H. 1981, G e l d r e ic h  1996).
2.5.3 Previous Investigations and Findings
Among the diverse population of heterotrophic organisms (bacteria, yeast, and fungi) 
capable of passage through the treatment barrier of the water supply, only a small 
portion will adapt to the pipe environment and perhaps colonize under certain 
conditions. Those that succeed preferentially grow on available surfaces and not in the 
bulk water (G e l d r e ic h  1996). In a study on surface colonization of 107 bacteria/cm2 
and a water phase of 105 bacteria/ml, the free flora represented only 5% of the fixed 
biomass in the case of a 200 mm diameter pipe, and 0.5% for a 100 mm diameter pipe 
(M a u l  et. al. 1991 in D u k a n , L e v i, P ir io u , G u y o n  &  V il l o n  1996). A study on 
the influence of the temperature enabled confirmation that at temperatures of below 
16 °C (+/- 1°C) the development of active free biomass was very sharply reduced 
(D u k a n , Le v i, P ir io u , G u y o n  &  V illo n  1996).
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Microorganisms found in Water Mains
While the profile of transient organisms may vary with the source water, the 
organisms that colonize a biofilm in water distribution systems may be expected to be 
more constant in species but vary widely in density releases into the water columns. 
Such is the evidence which was demonstrated by several investigators in US. drinking 
water pipes. Bacteria associated with distribution system biofilms included 
Arthrobacter spp., Flavobacterium, Moraxella, Acinetobacter, Bacillus,
Pseudomonas, Alcaligenes, Achromobacter, Proteus, Klebsiella, Bacillus, Serratia, 
Corynebacterium and Gallionella. Yeasts were found to range from 0.0 to 5.6 x 104 
cells per 100 cm2, while filamentous fungi ranged from 0.0 to 2.0 x 103 CFU/100 cm2 
of pipe surface (Al l e n  , Ta y l o r  &  Ge l d r e ic h  1980, L e  C h e v a l l ie r , B a b c o c k  &  
L e e  1987, G e l d r e ic h  1996).
L e  Ch e v a l l ie r  et. al. isolated predominantly Pseudomonas vesicularis and 
Flavobacterium spp. in the water columns and at similar frequency in zinc floe 
released from pipe sediments in line flushing. Heterotrophic plate count (HPC) density 
in the floe material was 2,400,000 organisms per milliliter. A similar predominance of 
these bacteria also was observed in cement-lined pipe surface scrapings taken from 
the same branch line. HPC density in this biofilm material was 1,000 organisms per 
centimeter squared. Arthrobacter spp. were found to be predominant in both flushed 
sediment and iron tubercles taken from the New Jersey utility water distribution 
system. The HPC density for the tubercle material was 13,000,000 organisms per 
gram (LE CHEVALLIER, BABCOCK &  LEE 1987). Arthrobacter spp. were also 
predominant isolates in biofilms of a pilot pipeline of cast iron and galvanized sections 
connected to a public water supply system in Delaware (V ic t o r e e n  1969).
This genus was also isolated from 20 % of the HPC population detected in biofilm 
taken from two water distribution systems in California (N a g y  &  Ol s o n  1985). The 
bacterial group identified in different distribution systems throughout the US appeared 
to be similar and not unique in any dominant organism that may relate to source or 
type of treatment. A summary of the results obtained with that study is shown in table 
2.5.1 (Le  Ch e v a l l ie r , B a b c o c k  &  L e e  1987, Ge l d r e ic h  1996).
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Table 2.5.1 Predominant HPC Bacteria in Distribution System Biofilm (LE
Chevallier, Babcock & Lee 1987)
Pseudomonas vesicularis
column
+ +
------— --- --------
+ +
: PhtAfid
+
Iron
tubercle
+ +
Flavobacterium spp.
x ; ■ , !.•*’: • " •»-. •
+ + -H- + + +
Pseudomonas diminuta + +
Pseudomonas oepada +
Pseudomonas pickettii +
Pseudomonas stutzeri + +
Pseudomonas fluorescens + +
Pseudomonas putida +
Pseudomonas mattophilia + +
Alcaligenes spp. +
Acinetobacter spp. +
MoraxeUa spp. + +
Agrobactenum radiobacter + + +
Arthrobacter spp. +
Corynebacterium spp. + + + + + +
Bacillus spp. + +
Yeasts +
CDC group n  J +
Enterobacter agglomerans +
Microcoocus spp. +
Microscopic techniques were used to show that most pipe surfaces in distribution 
systems are colonized by microorganisms. Allen et. al. showed high populations of 
bacteria in main encrustations collected from water utilities throughout the United 
States using SEM. Diatoms, algae, and filamentous and rod-shaped bacteria were 
commonly encountered colonization (ALLEN, Taylor & GELDREICH 1980). In 
contrast, Ridgway & Olson (1981) found in their SEM micrographs, that bacteria 
were sparsely and randomly distributed along cement pipe surfaces they examined. 
These sparse communities, however, showed a variety of morphologically
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distinguishable bacterial structures including rod- and chain-forming cocci and 
filamentous and prosthecate cell types. Helical stalks, characteristic of the iron 
bacterium Gallionella, were observed both in water samples and attached to pipe 
surfaces. Attachment of some microbes to the pipe surface was apparently mediated 
by extracellular fibrillar appendages. Large numbers of rod-shaped bacteria were also 
evident adhering at the surfaces of suspended detritus or silt particles recovered from 
the water samples by filtration. The actual surface of the cement liner was almost 
completely concealed beneath an amorphous mineral encrustation which appeared to 
be from 10 to 100 pm in thickness. This superficial mineralized layer contained a 
complex network of deep fissures and cavities, effectively increasing the total 
available surface area of the pipes and providing a host of potential micro-habitats for 
mircoorganisms to invade and colonize. A survey of the micro-topological features of 
the mineralized layer at high magnification in the SEM revealed several areas where 
micro-colonisation by coccoid-shaped or filamentous microorganisms had apparently 
occurred. 17 % of the 10- to 50- pm-sized particles were colonized with 10 to 100 
bacteria per particle. Filamentous bacteria were the most frequently observed 
microorganisms. They measured app. 0.5 to 1 pm in diameter and 10 to 50 pm in 
length. The ends of these filaments were often hidden from view by mineral deposits 
(Ridgway & Olson 1981).
The total bacteria' shed from the pipe walls present in clumps of organic and 
inorganic material were investigated by Me M a th  et. al. using an epifluorescence 
microscopy technique, which allowed both individual and associated bacteria to be 
stained and counted. The results showed that a ten-fold increase in flow rate resulted 
in an increase in the number of bacteria present in microcolonies'or 'clumps'of more 
than ten cells. Some of the clumps exceeded 200 bacterial cells. This increase in the 
number of bacteria was most noticeable in the first step-flow increase where the 
biofilm had been allowed to develop on the pipe walls over a period of 6 weeks with 
no disinfectant residual (Me M a t h , D e l a n o u e , H o l t , M a ie r  &  W o o d w a r d  1997).
In an industrial network pilot plant PVC and cement coupons were exposed to the 
water flow using a special sampling device by H a u d id ie r  et. al.. During the first 40 
hours a rapid growth (doubling time 10 h) was observed in the absence of residual 
chlorine. Beyond that point, a stationary and even a decline phase was observed. 
Fixed biomass was determined to contain 107 bacteria/cm2 which decreased constantly 
with the distance from the feeding point of the network (HAUDIDIER, PAQUIN, 
Fr a n c a is , H a r t e m a n , G r a p in , Co l l in , Jo u r d a in , B l o c k , Ch e r o n , P a s c a l , 
LEVI &  MIAZGA 1988). CAMPER et. al. reported, that the growth of environmental 
isolates of coliforms is possible under environmental conditions found in a distribution 
system (C a m pe r , M e  Fe t e r s , C h a r a c k l is  &  Jo n es  1991).
That the densities of attached bacteria and the proportions of active bacteria 
decreased slowly along the distribution system and fitted a non-linear polynomial 
regression model was found by BLOCK et. al.. They observed the highest growth rate 
of attached bacteria at the beginning of an experimental network (p = 0.0017 /h, or g
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= 17 d with no residual chlorine at 25 °C), i.e. where the system received the highest 
flux o f biodegradable organic matter. A bacterial density of 106 cells/cm2 was found. 
The apparent doubling time of attached cells in drinking water networks was 
estimated to be generally relatively low (more than 100 d) because of the rapid 
consumption of biodegradable organic matter (Block, Haudidier, Paquin, Miazga 
& Levi 1993).
2.5.4 Results of the Application of Fluorescent Oligonucleotide Probes for 
Biofllm Investigation
Recent publications are dealing with the application of fluorescent oligonucleotide 
probes for the in-situ identification of the biofilm bacteria. These probes can be 
designed to be complementary to phylogenetically more or less conserved regions of 
the rRNA. They are consequently specific to different taxonomic levels ranging from 
domains to subspecies. The detectability of bacteria by such oligonucleotide probes is 
dependent on the presence of sufficient ribosomes per cell. One advantage of this 
method is therefore, the ability to differentiate bacteria at various phylogenetic levels 
and, at the same time, to achieve at least qualitative information on the physiological 
state of the bacteria on the basis of the number of ribosomes per cell. Specific rRNA 
probes can also be obtained for hitherto uncultured microorganisms. One 
disadvantage of using the probes is their limited sensitivity, which is reported to be 
around 103 to 104 ribosomes per cell (Manz, Szewzyk, Ericsson, Amann, 
SCHLEIFER & STENSTROM 1993, SZEWZYK, MANZ, AMANN, SCHLEIFER & 
Stenstrom 1994, Manz, Amann, Szewzyk R , Szewzyk U., StenstrOm , 
HUTZLER & SCHLEIFER 1995, SZEWZYK 1997).
The application of Fluorescence-labeled oligonucleotide probes combined with in situ 
reduction of the fluorochrome 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) to 
analyze the dynamics of biofilm formation in drinking water is reported by Kalmbach 
et. al. to describe the development of bacterial density, phylogenetic diversity and 
bacterial metabolic activity. They exposed polyethylene and glass surfaces to drinking 
water in a modified Robbins device, which were rapidly colonized by a biofilm 
community of phylogenetically diverse prokaryotes, and cell density of the biofilm 
community was strictly controlled by grazing eukaryotic organisms.
In situ hybridization with group-specific RNA-targeted oligonucleotide probes 
revealed the prevalence of bacteria belonged to the (3-subclass of Proteobacteria 
within the bacterial biofilm populations and that there are differences in the population 
composition dependent on the surface properties of the substrata. Furthermore, an 
influence of water retention time on the variation in population structure was 
observed. When polyethylene was used as substratum, they found that total bacterial 
cell counts increased rapidly and the maximum cell density of 5.1106 (+/- 3.3* 10s)
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cells per cm2 was reached after 7 days of exposure. On glass surfaces, total cell counts 
remained significantly lower and the maximal bacterial density of 1 106 (+/- 1.5-105) 
cells per cm2 was reached after 14 days (K a l m b a c h , M a n z &  Sz e w z y k  1997).
2.5.5 Factors Influencing Biofllm Growth
2.5.5.1 Nutrient Requirements
Trace concentrations of nutrients are considered to be a major factor in the 
colonisation of heterotrophic bacteria in distribution systems. The enrichment of 
nutrients at the surface between water phase and solid surface leads to the growth of 
cells particularly adhered to the surface. This effect described as the "bottle effect" by 
Z o b el  in 1943 is a characteristic of a system poor in nutrients, where the growth of 
the bacteria is controlled by the concentration of the nutrients. He suggested a two 
step process for microbial colonization, an initial reversible step followed by an 
irreversible binding of the cell to the surface (G ilb ert  &  B r o w n  1995). It was also 
recognized, that macromolecular conditioning films may modify the surfaces prior to 
microbial colonization (CHARACKLIS &  MARSHALL 1990).
Analysis of biofilm revealed, that critical nutrient requirements include carbon, 
nitrogen, phosphate, and manganese, and the ratio for C:N:P approximates 100:10:1 
where organic carbon may often be a growth-limiting nutrient in drinking water (L e  
Ch e v a l l ie r , Sc h u l z  &  L e e  1991). These substances are introduced in varying 
concentrations from natural waters used in water supply treatment. In addition to a 
source of carbon, there is also a concurrent need for nitrogen in cell metabolism. 
Nitrogen occurs most frequently in source waters as organic nitrogen, ammonia, and 
nitrate. Other inorganics needed in trace amounts for bacterial metabolism and biofilm 
growth in the distribution system appear to be iron, manganese, and phosphates 
(GELDREICH 1996). A source of iron may be found in pipeline corrosion, sediments, 
and tubercle formations (T u o v in e n  et. al. 1980). Manganese concentrations appear 
to be lower than iron and, like iron complexes, manganese is also a cause of 
biofouling of water supply lines when the concentrations are above 0.3 mg/1. 
Phosphates are generally present in concentrations between a few tenths of a 
microgram and several hundred micrograms of P per liter depending on the raw water 
source. Phosphates are not only introduced in the raw source water, but may also 
come from the use of certain additives used to control pipe corrosion (G e l d r e ic h  
1996).
Biofilms capture these inorganic and organic molecules from the bulk liquid, making 
these available as nutrients for the growth of organisms within the biofilm. The 
glycocalyx holds cells within a biofilm close together, ensuring an exchange of 
metabolites to sustain growth, allowing the removal of toxins deadly to some of the 
inhabitants, and encouraging the combination of enzymatic capabilities from several
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bacteria in a consortium to degrade a growth substrate (Costerton & Lappin-Scott 
1989).
2.5.5.2 Organic Carbon
Organic carbon is utilized by heterotrophic bacteria for production of new cellular 
material (assimilation) and as an energy source (dissimilation). Most organic carbon in 
water supplies is natural in origin and is derived from living and decaying vegetation. 
These compounds may include humic and fulvic acids, polymeric carbohydrates, 
proteins, and carboxylic acids. Assimilable organic carbon (AOC) is the portion of 
total organic carbon (TOC) which can be readily utilized by aquatic organisms for 
growth. The AOC constitutes a fraction 0.1 to 9% of the dissolved organic carbon. 
(Le Chevallier, Schulz & Lee 1991).
AOC is measured by using a bioassay first proposed by Van Der Kooij. Briefly, the 
method employs inoculation of a water sample with a variety of microorganisms 
{Pseudomonas fluorescens P17, Spririllum sp. strain NOX). The growth of the 
organisms is monitored, and the maximum growth yield is determined. Based on 
known yield coefficients, the equivalent amount of carbon (expressed in micrograms 
per liter of water) is calculated (Van Der Kooij et. al. 1982).
Levels of bacterial nutrients present in potable water are typically low, with total 
organic carbon concentrations in finished drinking water varying from 0.05 to 12.2 
mg/1. The microbially assimilable fraction is even smaller, ranging from 3 to 500 pg/1. 
However, these concentrations of organic material in potable water have been shown 
to support the growth of various heterotrophic organisms and some coliforms 
(Camper, Me F e te rs , C h a rac k lis  & Jones 1991). This level is consistent with the 
findings of V an d e r  Kooij who indicated that HPC bacterial growth may be limited 
in distribution water with AOC levels less than 50 pg/1. LE CHEVALLIER et. al. 
reported, that AOC levels greater than 50 pg/1 were associated with increased 
incidence of coliform bacteria. In this study, the AOC averaged 8.9% of the TOC (Le 
C h ev a llie r, Schulz  & Lee 1991).
2.5.5.3 Environmental Conditions
Mueller reported, that nutrient conditions in the bulk water not only influenced the 
growth of suspended and attached cells but also influenced cellular transport to the 
solid-water interface, as well as the rate of adsorption and desorption onto the 
substratum. Starved cells of Ps. aeruginosa and Ps. fluorescens exhibited increased 
cell motility by size reduction. Attachment was found to be one way to increase the 
flux and availability of nutrients to the cells. Size reduction of planktonic organisms 
was reported as another mechanism for improvement of nutrient availability. 
(Mueller 1996).
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The nutrient conditions on the internal surface of the pipes were found to be 
important for attachment of cells. Ridgway & Olson reported, that aluminium, 
silicon, phosphorous, sulphur, calcium, and iron appeared to be the predominant 
elements on the pipe surface where the stoichometry of the elements comprising the 
mineral layer differed dramatically from that of the surrounding drinking water. 
Therefore they postulated, that bacteria attached to the pipe surface are exposed to 
concentrations of minerals or organic micronutrients which are significantly different 
from those found in the water column itself. (Ridgway & Olson 1981, Szewzyk, 
Manz, Amann, Schleifer & Stenstrom 1994).
Biofilms are proved to establish an environment where microorganisms can find 
nutrient conditions that differ considerabely from the neighbouring environment. In a 
bioreactor fed only with benzoate SZEWZYK et. al. demonstrated, that a pathogenic 
strain of E. co li,which can not grow on benzoate, was able to colonize a biofilm of a 
benzoate-degrading water bacterium and grow to high numbers in all layers of the 
biofilm. This observation was explained by the theory, that the surface was already 
colonized by other bacteria, the accumulation of nutrients in the biofilm matrix would 
be even higher, especially if the biofilm organisms are actively metabolizing organic 
compounds, eg. plasticizers or other components from pipe materials. Especially in 
thin biofilms E. coli was found to form chains, while in suspension and in thicker 
biofilm more single cells occurred (SZEWZYK, Manz, Amann, Schleifer & 
Stenstrom 1994)
2.5.5.4 Pipe Age and Pipe Composition
Pipe age and composition is also reported to be a factor in biofilm formation. 
Geldreich reported, that case histories suggest, that biofilm is generally considered 
to become a water quality problem in those water systems which have a predominance 
of pipe in service for over 50 years. Nagy & Olson observed a correlation between 
the years in service of a pipeline and the bacterial density. They estimated, that HPC 
bacterial levels increase 1 log for every 10 years of service whereas other investigators 
found no correlation between bacterial densities and the composition or the age of the 
pipe (in Geldreich 1996). LE Chevallier et. al. reported, that an 8-year-old section 
of cement-lined, ductile-iron pipe removed from a utility pipe network in New Jersey 
had 44,000 HPC per square centimeter of pipe surface while a piece of cement-lined 
pipe that was still in service in a water system in Indiana had 2,360,000 HPC per 
centimeter square of surface covered with biofilm. Another section of cement-lined, 
ductile-iron pipe collected on the same day from another part of the New Jersey utility 
pipe network that was on-line for 84 years had only 172 HPC per square centimeter 
of surface covered with biofilm (Table 2.5.2). None of the pipe materials (either cast 
iron or ductile iron that were lined with cement or asbestos) provided any significant 
improvement in resisting biofilm formation surface (Le Chevallier, Babcock & Lee
1987).
2.5 Biofilms in Water Distribution Systems 54
Pipe composition is another consideration because corrosion areas in iron pipes are 
often active habitat sites. Previous investigations have shown that no pipe material is 
immune to potential microbial colonization once suitable attachment sites are 
established. Given sufficient time, aggressive waters will initiate corrosion of metal 
pipe surfaces, water characteristics may change the surface structure of asbestos- 
cement mains, and biological activity may create pitting on the smooth inner surface 
of plastic pipe materials. Not all pipe sections may show evidence of deterioration, 
however, even after years of active service. The reason is the nature of the water 
chemistry and continuous movement of water under high-velocity conditions 
(Geldreich 1996).
Table 2.5.2 Heterotrophic Bacterial Densities for Biofilm Recovered from Pipe 
Coupons (in Geldreich 1996)
V ,, ,
Pipe
■ •
- ' •
jfM per cm2 '*
Coliferm 
occurrence 
H per cm*
'"■■■ Y/ •
New Jersey April 9 Cement lined, cast iron 57 3,000 <0.44
April 10 Ductile iron - 10 <0.44
May 7 Cement lined, cast iron 55 200 <0.44
May 29 Cement lined, ductile iron 84 172 <0.44
May 29 Cement lined, ductile iron 8 44,000 <0.44
June 10 Asbestos cement 37 250 <0.22
Aug. 14 Cement lined, ductile iron 740 <0.44
Indiana April 11 Asbestos cement 17 3,500 <0.22
April 23 Cement lined 20 1,400 <0.44
May 7 Cement lined 31 1,700 <0.44
June 24 Asbestos cement 9 800 <0.22
June 28 Asbestos cement 36 60 <0.44
July 11 Asbestos cement 13 160,000 <0.44
July 11 Cement lined 90 2,360,000 <0.44
July 16 Cement lined 56 19,000 <0.44
Illinois May 1 Cement lined 65 1,060,000 1.02
July 9 Cement lined - 520,000 <0.62
Ohio May 30 Cement lined, cast iron 25 240,00 <0.44
Data revised from Le Chevallier et al.
2.5.5.5 The Role of Sediment and Tubercles
The diverse physical structures in the distribution system and its pipe network 
complexities, which include locations out of the mainstream of continuously moving 
water, are the most opportune sites for sediment to accumulate, tuberculation to 
expand, and microbial colonization to develop (GELDREICH 1996).
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Sediment accumulations at these locations are created, in part, from corrosion, 
treatment leakages of powdered carbon and unstable coagulant, and deposition of 
corrosion inhibitor additives. Slow-flow areas may also be the place where biological 
debris settles out from unfiltered treatment systems that use surface waters.
Tubercle deposits are also attractive habitats for microbial colonization. Macroscopic 
examination of these deposits revealed them to have a flaky outer crust that becomes 
brittle upon drying. Scanning electron micrographs disclosed the outer crust to be 
porous with the interior composed of layered depositions of materials spilled in 
treatment or chambered with crystals that are fractured into thin plates or structured 
with needle-shaped appendages. This type of deposition suggests that tubercle 
formation proceeds at a non-uniform rate in response to changes in water chemistry, 
pH, temperature, and hydraulic pressure.
Not only do sediments and tubercles provide a protective structure for microbial 
attachment, but they also are adsorbers of a variety of essential nutrients found in 
trace amounts in the bulk water. While tubercle deposits consist largely of iron oxides, 
there can be substantial concentrations of calcium, magnesium, aluminium, and 
manganese present, with lesser concentrations of other heavy metals. A 
characterization of the heavy-metal elements in tubercles fractionated into surface and 
interior layers is given in Table 2.5.3. (Tuovinen, BUTTON, VUORINEN, CARLSON, 
MAIR& Yut 1980, Geldreich 1996).
All of the elements in substantial concentrations on the crust of tubercles are essential 
in trace amounts for bacterial metabolism. Phosphates are also important to cell 
metabolism and can also be found in pipe corrosion products along with carbonates. 
The other essential component required to support cell metabolism is a source of 
organics.
Table 2.5.3 Chemical Composition of Cast-Iron Pipe Sediment, Columbus, Ohio 
(after G e l d r e ic h  1996)
Heavy metals (ppm)
Sample Al As Ba Cd C r Co Fe Pb Mn Se Zn
Surface
layer
829
932
1.5
1.7
80.6
77.0
0.2
1.2
25.1
12.1
3.2
3.2
468.92
283.69
2.0
3.3
235.5
131.7
<0.001
<0.001
65.4
91.1
Powdery
interior
853
908
0.001
0.001
5.0
6.3
0.2
0.1
5.7
9.1
1.2
1.0
188.21
227.07
3.7
43.1
31.3
38.1
<0.001
<0.001
60.2
39.9
Calcium
carbonate
sublayer
14,5 0.001 137.0 0.9 2.1 36.2 52.419 40.3 991.9 <0.001 806.4
“ Silver not detected (<0.0002), data from Tuovinen et al.
Analysis of tubercles for organic adsorption revealed, that humic substances and 
sedimentary chlorophyll materials, characteristic of vegetation decay from surface 
water, are predominant. Tubercles were found to contain several types of organisms
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including sulfate reducers, nitrate reducers, nitrate oxidizers, ammonia oxidizers, 
sulfur oxidizers, and various unidentified heterotrophic microorganisms (T u o v in e n , 
B u t t o n , V u o r in e n , C a r l s o n , M a ir  &  Y u t  1980, L e  C h e v a l l ie r , B a b c o c k  &  
L e e  1987, GELDREICH 1996). Mechanically scraping (pigging) the Wellington Drive 
branch released iron tubercles (98.7% iron, determined by inductively coupled plasma 
spectrometry) from the distribution pipe surface. These tubercles were shown to 
contain high (>160 bacteria per g) densities of coliform organisms. The coliform 
bacteria were identified to be E. coli (faecal coliform positive), C. freundii, and E. 
agglomercms. Examination of the tubercles by scanning electron microscopy showed 
the surface to be colonized by rod- and coccobacillus-shaped organisms. Similar 
observations were made by acridine orange direct microscopy. Microcolonies of 
bacteria indicated that the organisms were growing on the tubercle surface. The 
irregular surface and the production of extracellular polymer material could protect 
the bacteria from disinfection. High densities of coliform bacteria were detected only 
in iron tubercles and not from sediments, settled floe materials, or cement-lined pipe 
surfaces which indicated, that coliforms occurr at specific, discrete locations. These 
bacterial counts also highlighted the protective effect of tubercle mass against the 
chlorine residual which is used as a disinfectant. Chlorine residuals in the areas in 
which the pipes were sampled varied from 0.2 to 1 mg/1 depending on the variations 
in hydraulic conditions (L e  Ch e v a l l ie r , B a b c o c k  &  L e e  1987).
T o u v in e n  & Hsu found viable counts ranging between 40 and 3.1 x 108 bacteria/g in 
tubercles collected from water distribution pipelines in Columbus, Ohio. Sulfate 
reducing bacteria were detected in 80% of the samples. Nitrate reducing heterotrophs 
were present in all samples. The results, including plate counts of aerobic 
heterotrophs, indicated variation in bacterial densities depending on the tubercle 
sample and fraction examined. They determined the tubercle mass containing up to 50 
% Fe(II) with a dense magnetic iron oxide layer identified as magnetite comprising 
most of the surface crust. The reduced iron in the inner zones of the tubercle was 
found to be able to consume chlorine, but the diffusion of chlorine into the tubercle 
mass was probably slow because of the magnetite barrier. They concluded, that the 
high counts of different bacterial groups are located in the tubercle mass that contain 
enough organic compounds and other nutrients to support the development of 
microorganisms (T u o v in e n  & Hsu 1982).
2.5.5.6 Hydraulic Conditions
Static Water Effects
Distribution systems are often complex in their configurations, which in itself can 
create problems of slow flow in some areas and static water in dead ends. Static water 
areas are undesirable at any time because this condition provides opportunity for 
suspended particulates to settle into pipe sediments, biofilm development to proceed 
without the shearing action of hydraulic changes, and corrosion to accelerate 
(Geldreich 1996).
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Experiments in a tubular reactor under turbulent flow conditions were carried out by 
B r y e r s  in order to measure the rates of the processes during the early stages of 
biofilm accumulation as a function of the Reynolds - number and suspended biomass 
concentration. These showed that deposition (ie. combined transport and adsorption) 
was only important in the very early stages of biofilm accumulation and was 
significantly influenced by suspended biomass concentration but not by Re - number. 
Biofilm decay rates are negligible for the thin biofilm encountered in these 
experiments. Biofilm detachment rate increased continuously with biofilm 
accumulation and with increasing Re -number (BRYERS &  Ch a r a c k l is  1982).
Water Hammers
Water hammers are reported to contribute to the release of biofilm organisms and 
their migration within the pipe network. For example, during major fire that used a 
large volume of water in fire control, the water demand created a reduced line 
pressure that, upon being restored, caused a significant water hammer effect in that 
part of the pipe network. The sudden restoration in water pressure caused a shearing 
of a biofilm in the pipe section that entered the main flow of water and released 125 to 
200 Pseudomonas aeruginosa per milliliter over a 24-h period before subsiding to 
non-detectable levels again. No coliform bacteria were detected during this 24-h 
disturbance. This action may not only increase the dangers of line breaks in old pipe, 
but also cause releases of bacteria from biofilm sites. Multiple feed points to the 
distribution system from several water treatment plants or well fields with changes of 
water demand in adjacent areas can also create reversals in flow patterns that can 
dislodge biofilms from pipe sediments and tubercles (GELDREICH 1996).
2.5.6 Microbial Influenced Corrosion
As the biofilm thicken, superficial organisms use available oxygen and produce 
anaerobic conditions suitable for the corrosion-causing bacteria. Also, the metabolic 
by-products of anaerobic organisms can be used by the corroding organisms. The 
main culprits in bacterial metal corrosion are sulphate-reducing bacteria (Le e  et. al. 
1995, H a m il t o n  1997). They establish anodes and cathodes on the metal surface, 
enabling corrosion currents to develop because of unequal metal ion concentrations. 
Many microbial growth products are exuded into the biofilm. Among them, acid 
products will develop a corrosion potential because of unequal proton concentrations. 
These differences can set up measurable corrosion potentials that can lead to severe 
metal loss at the anode (A w w a  1985, COSTERTON J. W.& LAPPIN-SCOTT H. M. 1989, 
Ar e n s  et. al. 1995, Fl e m m in g  &  G e e se y  1991, Fl e m m in g  &  Sc h a u l e  1994, 
Fl e m m in g  1995, B r u c k n e r  1996).
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Figure 2.5.5 Aerobic and Anaerobic Corrosion in Water Mains (from FORD & 
M itch e ll 1990)
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2.5.7 Effect of Biofilms on Disinfection
2.5.7.1 Protective Characteristics
Biofilms are reported to serve as a protecting shield for many kind of bacteria, e.g. 
coliforms. Furthermore, it is very difficult to control biofilm growth in drinking water 
distribution systems with biocides (Fl e m m in g  1992a, Fl e m m in g  1992b). HPC levels 
as high as 1.9 x 104 bacteria per cm2 were observed by N a g y  et. al. (1985) in the 
presence of 1 to 2 mg of free chlorine residual per liter. Despite the strong evidence of 
biofilms in distribution systems, little information was available from that study 
concerning the occurrence of coliform bacteria at potable water interfaces. Klebsiella 
spp. growing in slime layers on distribution storage tanks were found to be 
responsible for coliform densities in private drinking water systems exceeding the 
federal guidelines by as much as 10- to 40-fold. It was further reported from 
Escherichia coli recovered from the organic surface layer of a mortar-lined pipes in 
the Metropolitan Water District of Southern California. VlCTOREEN (1969) isolated 
Enterobacter cloacae and Serratia marcescens from tubercles of the Wilmington, 
Delaware, distribution system.
Results of a study carried out by L e  CHEVALLIER et. al. (1987) indicated, that 
maintenance of a 1.0 mg/liter free chlorine residual was insufficient to eliminate the 
occurrence of coliform bacteria or control biofilm growth. Mechanisms by which 
bacteria were found to be resistant to disinfection included attachment to particles, 
formation of aggregates, and capsule production. An important mechanism for 
bacterial protection from inactivation by disinfection was cell clumping or the 
formation of aggregates of cells. In this situation bacterial cells appeared to excrete an 
intercellular matrix material that promoted cell aggregation and provided a shield for 
the core of organisms from adverse environment conditions. Studies on V cholerae 
inactivation have shown that smooth V cholerae cells are inactivated in less than 40 
and 20 seconds by concentrations of 0.5 and 1.0 mg/1 free chlorine respectively. In 
contrast, cultures of a rugose variant exposed to 2.0 mg/1 chlorine for 30 min still had 
a viable sub-population of cells that were virulent. Particle size of the clump was 
found to be an important factor in this survival (G e l d r e ic h  1996). The authors 
indicated that microorganisms may be released from pipe surfaces, be resistant to 
disinfection, and be transported to other parts of the distribution system (Le 
Ch e v a l l ie r , B a b c o c k  &  L e e  1987).
Transient chlorine concentration profiles measured by D e  B e e r  et. al. in biofilms 
during disinfection by use of a microelectrode revealed, that chlorine concentrations 
measured in biofilms were typically only 20% less than the concentration in the bulk 
liquid. The transient chlorine micro-profiles showed a slow chlorine penetration into 
the biofilm, with a rate depending on the chlorine bulk concentration. The sigmoidal 
shape of the profile is characteristic for a substrate that is diffusing into a matrix
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where it is consumed. Comparison of the cross sections and chlorine micro-profiles 
lead the authors to the conclusion that decreased action of chlorine against biofilms is 
due to limited penetration stemming from a reaction-diffusion interaction. The micro­
profiles showed that, after exposure to 2.5 mg/1 of chlorine for 1 h, only the upper 
100 pm of the cell clusters was penetrated by chlorine. This correlated reasonably 
well with the microscopic images showing that the top half of the cell clusters had lost 
their respiratory activity. Exposure to high chlorine concentrations lead to complete 
penetration of biocide and also stopped the respiratory activity in the whole biofilm 
(D e  B e e r , Sr in iv a s a n  &  St e w a r t  1994, D e  B e e r  & St o o d l e y  1995, D e  B e e r  et. 
al. 1996).
A Roto-Torque (RT) - reactor was used by VAN D e r  W e n d e  et. al. to determine the 
biofilm accumulation at chlorine concentrations of 0.2 and 0.8 mg/1. They found, that 
biofilm cell numbers increased through the RT - system. The accumulation of 
planktonic cells was correlated with biofilm accumulation, i.e. as biofilm accumulation 
increased planktonic cell numbers increased. The maximum number of planktonic cells 
observed at low chlorine concentration was approximately the same as for the 
chlorine-free system.
At high chlorine concentrations biofilm accumulation viability was reported to be 
lower than in the other experiments due to high chlorine levels. For the first 17 days 
the RT remained free of cells. However after approxirately 38 days a “patchy” biofilm 
had accumulated. At the same time low numbers of planktonic cells were found 
throughout the RT-System. The authors concluded, that biofilm cell growth and 
detachment may be even more dominant in water distribution systems with (low) 
chlorine concentrations than in chlorine - free systems. The biofilm environment was 
believed to protect against the activity of chlorine by diffiisional resistance and 
neutralization of chlorine through the reaction with biofilm and pipe wall materials 
which planktonic cells do not find such protection in their environment. The bacteria 
they found comprised only a few species. An estimated 75-90% belonged to one 
species of the genus Pseudomonas. The colonies of this species, gown on R2A agar, 
were clearly of the smooth type, indicating the production of significant amounts of 
EPS (V a n  D e r  W e n d e , Ch a r a c k l is  &  Sm it h  1989).
2.5.7.2 The Influence of Turbidity
For disinfection to be effective, there must be contact between the disinfectant and 
organisms in the water. Some turbidity may consist of particle-microorganism 
complexes in which organisms are adsorbed to larger particles. In other situations, 
one or more smaller particles may be adsorbed to a microorganism or aggregates of 
cells may form, protecting organisms in the core of a clump from disinfectant contact. 
In any of these conditions, microorganisms may be protected from inactivation 
(S t r a n d  & M c D o n n e l  1985, G e l d r e ic h  1996).
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While turbidity particles are often a protected transport vehicle for microbes in 
passage through some treatment processes, not all types of turbidity provide this 
mechanism. For instance, clay particles and water-flocculating agents may trap a 
variety of organisms but are of little value as protective shields for bacteria in water. 
Particle size is also an important consideration. According to Geldreich (1996), a 
particle of at least 0.03 pm diameter created by adsorption of extremely small 
particulates may be sufficient to protect one virus. Dissolution of faecal or other 
material may also form similar virus-laden particles. Those particles that can attract 
and protect bacteria will be larger than viruses. Scanning electron microscopic 
examination suggests, that less than 20 % of all particles will be colonized, generally 
by bacteria of the same morphological configuration. Why this selection process 
occurs is not definitely established, but may relate to the nutrients available on the 
particle, electrical charge differences, and surface characteristics for attachment.
If the organisms are associated with particles that are greater than 7 pm in size, the 
number of bacteria either clumped, attached, or embedded to such a particle may 
range from five to as many as several hundred cells. As a consequence, intimate 
contact of these organisms with a disinfectant does not readily occur, so viable 
passage through the treatment barrier is a possibility. For example, coliforms in water 
with a turbidity of 1.5 NTU that is exposed to 0.5 mg/1 chlorine for 1 h resulted in 
more than a 99.99 % inactivation while in water of a 13 NTU turbidity, there was 
only a 90 % coliform reduction after 1 h contact with 1.5 mg of chlorine. This 
protective effect of organic particles during disinfection has been observed for both 
bacteria and viruses (Geldreich 1996).
Turbid water samples were examined in an attempt to determine factors which aid 
bacteria in surviving exposure to chlorine. Scanning electron micrographs 
demonstrated that some bacteria were either embedded in turbidity particles, or 
appeared to be coated with amorphous material, or both. The chlorine demand of the 
surface water was found to be positively correlated with both the turbidity and total 
organic carbon (TOC) content of the water, but not with other chemical parameters. 
Disinfection efficiency was measured as log 10 of the decrease in coliform numbers 
and was found to be negatively correlated with turbidity (r=0.777). A mechanism for 
coliform survival at high turbidity levels was possible, if coliforms were embedded in 
suspended particles and chlorine was not able to come into contact with bacteria. 
Bacterial attachment to solids has been well documented. The increase in bacterial 
numbers as a result of blending chlorinated samples and micrographs showing bacteria 
embedded in amorphous material provided further evidence that turbidity may protect 
bacteria from the action of chlorine (Le Chevallier, Evans & Seidler, 1981).
The inactivation of biofilm bacteria and the characterization of the interaction with 
pipe surfaces was studied by Le Chevallier et. al.. They found that unattached 
bacteria were quite susceptible to the variety of disinfectants tested. Viable bacterial 
counts were reduced 99% by exposure to 0.08 mg/1 hypochlorous acid for 1 min (pH 
7.0, temp. 1-2 °C). Biofilm bacteria grown on the surfaces of GAC particles, metal 
coupons, or glass microscopic slides were 150 to more than 3,000 times more
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resistant to HOCf than unattached cells. The results suggested that, relative to 
inactivation of unattached bacteria, monochloramine was better able to penetrate and 
kill biofilm bacteria than free chlorine.
Experiments with the disinfection of Klebsiella pneumoniae biofilms showed that 
attachment of K.pneumoniae to glass microscope slides increased resistance to 
hypochlorous acid over 125-fold, whereas resistance to monochloramine inactivation 
increased only 2-fold. The results of this study indicated, that inactivation of attached 
bacteria was not solely related to the oxidizing power of the biocide. This difference 
in the specificity may allow monochloroamine to penetrate a biofilm and react with 
the microorganisms, whereas free chlorine is consumed before it can fully penetrate 
the biofilm surface. The choice of disinfectant residual was shown to influence the 
type of resistance mechanism observed. Disinfection by free chlorine was affected by 
surfaces, age of the biofilm, encapsulation, and nutrient effects. Disinfection by 
monochloramine, however, was only affected by surfaces. (L e  Ch e v a l l ie r , 
Ca w t h o n  & L e e  1988a, L e  Ch e v a l l ie r  et. al. 1988b, L e  Ch e v a l l ie r  et. al. 1988c)
There are different explanations for the mechanisms by which chloramines penetrate 
the biomass more effectively than free chlorine in certain situations or on different 
materials. It was postulated, that this may be due to the fact that monochloramine 
reacts with DNA, tryptophane, and sulphur-containing amino-acids while having little 
interaction with polysaccharides. Hypochlorous acid, however, indiscriminately 
attacks both polysaccharides and cell material, necessitating a greater dosage because 
of chlorine demand in the gelatinous matrix (Geldreich 1996).
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2.6 Microbial Degradation of PAHs
Although the PAH molecules exhibit a high thermodynamic stability because of the n- 
electron system, the microbial degradation of these compounds by microorganisms is 
possible under certain environmental conditions. Investigations focused on the 
application of the microbial degradation of PAHs for the remediation of contaminated 
waste sites (gas works, coal-tar waste products) showed, that environmental 
microorganisms can be adapted to the strong hazardous environmental conditions at 
these sites and were able to degrade especially benzene as well as higher aromatic 
compounds (STANIER et. al. 1966, CERMGLA et. al. 1984, HEHKAMP et. al. 1988a, 
1988b and 1988c, STIEBER 1995). Already in 1927 it was reported that naphthalene 
was found to be degraded by bacteria and an initial step of aromatic ring cleavage 
where both rings were opened was proposed (T a u s s o n  1927, G r a y  &  T h o r n t o n  
1928).
The degradation of benzene by Pseudomonas putida was shown by N e ff  in 1979. He 
showed that the utilisation of PAHs as an energy source happens by a hydroxylation 
of the benzene ring (N e ff  1979). The unsubstituted saturated ring structure of PAHs 
is biologically inert (S im s  & O v e r c h a sh  1983). The initial enzymatic oxidation of the 
aromatic ring system by a hydroxylation with the incorporation of oxygen is a 
fundamental process for the opening procedure of the aromatic ring system. It is 
catalysed by dioxygenases for prokaryotes (bacteria and cyanobacteria), and by 
monooxygenases for eukaryotic cells such as algae fungi (C e r n ig l a  1984). It was 
speculated, that a mono-oxygenase catalysed process is also possible for the bacteria 
(HEITKAMP et.al. 1988a, KELLEY et. al. 1990). These oxygenases are enzymes, which 
catalyse oxygen fixing reactions. Mono-oxygenases are mixed function oxygenases, 
which catalyse the incorporation of a single atom of oxygen into the substrate. Di­
oxygenases catalyse the incorporation of both atoms of molecular oxygen into a 
substrate (S im s  &  OVERCASH 1983). Figure 2.6.1 illustrates the initial reactions of 
oxygenases on PAHs and the initial products for eucaryotes and procaryotes.
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Figure 2.6.1 Initial Reactions of Mammals, Fungi, and Bacteria to oxidize PAHs 
(from CERNIGLA 1984).
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The unsubstitued aromatic compounds are usually degraded to catechol whereas the 
multiple substituted compounds are mostly degraded to protocatechuate. This is a 
prerequisite for the further degradation of the aromatic substance and ring cleavage. 
The further reactions are shown in figure 2.6.2.
Figure 2.6.2 Further Degradation of Catechol and Protocatechuate by Bacteria (from 
Sc h leg el  1981, in German)
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A selection of microorganisms which are found to be able to partly or entirely 
metabolize the PAHs are shown in table 2.6.1 (KlYOHARA et. al. 1992). In many cases 
the utilization of the PAHs as an energy source and the formation of new cellular 
material was proved in laboratory experiments. Frequently a synergistic cooperation 
of a complex community of microorganisms was obtained where degradation 
products of bacteria utilized by other microorganisms was found to degrade these 
compounds in the environment. The incorporation of molecular oxygen into the 
aromatic ring system was proved to be the most effective and most important process 
for the degradation of PAHs (KASTNER et. al. 1993). Regarding the pH-value most of 
the bacteria prefer a milieu near the neutral point whereas the microbial community in 
areas of low pH is dominated by fungi because of the inhibition of bacterial activity at 
low pH (S im s  & O v e r c a s h  1983).
Table 2.6.1 Microorganisms which are able to degrade PAHs (from KASTNER et.al.)
Bacteria
........  ..........
Pseudomonas Aeromonas
Beijerinckia Flavobacterium
Alcaligenes Vibrio
Nocardi a Corvne bacteria
Rhodococcus Mycobacterium
Bacillus Micrococcus
Streptomyces
eri*. fungi, micro-algae
Cunninghamella Agmenellum
Oscillatoria Phanerochaete
Saccharomyces Neurospora
Aspergillus Selenastrum
Most information on the pathways of bacterial degradation of PAHs is available for 
naphthalene, anthracene, and phenanthrene (E v a n s  et. al. 1965, K iy o h a r a  et. al. 
1976, K iy o h a r a  et. al. 1978, H e it k a m p  et. al. 1987, M a c h a t e  et. al. 1997). On the 
degradation of aromatic compounds with more then three fused ring systems 
information is only sparsely available. A bacterium isolated from the sediment below 
an oil field was shown to be able to degrade also four ring PAHs (HEITKAMP &  
Ce r n ig l a  1988a, H e it k a m p  et. al. 1988b, H e itk a m p  et. al. 1988c). The results 
published for pyrene and fluoranthene indicated, that the initial attack on the aromatic 
ring system is also induced by di-oxygenases (MUELLER et. al. 1989, MUELLER et. al. 
1990, KELLEY et. al. 1991, WEISSENFELS et. al. 1990 & 1992). In recent years 
research has focused on the application of the microbial degradation on the 
remediation of PAH contaminated soils (BREURE et. al. 1990, BOCKLE et. al. 1991, 
Fu c h s  1996, Fr e u d e n b e r g  et. al. 1997) where naphthalene, fluorene, fluoranthene, 
phenanthrene and pyrene were predominant (WEISSENFELS et. al. 1990, WALTER et.
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al. 1991, Weissenfels et. al. 1992). Investigations on the degradation of PAHs with 
five rings showed, that Beijerinckia sp. is capable to oxidize benzo[a]pyrene in the 
presence of succinate and biphenyl (Gibson et. al. 1975, Mahaffey et. al. 1988).
The sequences of the degradation proposed for several PAHs is shown in figure 2.6.3 
to 2 .6.6.
Figure 2.6.3 The Biodegradative Routes of Naphthalene (from KELLEY et. al. 1990)
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Figure 2.6.4 The Biodegradative Routes of Phenanthrene (from 
HEIIXAMP 1989)
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Figure 2.6.5 The Biodegradative Routes of Anthracene (from Sm it h  1990)
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Figure 2.6.6 The Biodegradative Routes of Fluoranthene (from KELLEY et. al. 1993)
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2.7 Reactions of Chlorine and Chlorine Dioxide on PAHs
2.7.1 Introduction
Disinfection of public water supplies became an essential element in the protection of 
public health against water-borne diseases. In the UK it is a regulatory requirement 
that all public water supplies have to be disinfected, whereas in Europe some 
countries, like Germany, do not routinely disinfect groundwaters or alternative 
disinfection processes have been developed (Jig g in s  1995). The future challenge to 
the water industry will be to employ disinfection regimes that produce drinking water 
that represent no risk to public health, both, in terms of microbiological quality and 
concentrations of disinfection by-products. In this sense, the reaction of chlorine and 
chlorine dioxide with the PAH molecules itself is of great importance for water 
travelling through coal-tar lined pipes during distribution because this reaction can 
lead to the formation of disinfection by products like chlorinated polycyclic 
compounds. It is reported, that the catalytic chlorination of PAHs leads to the 
formation of complex mixtures of isomers and derivatives analogous to those found in 
fly ash samples of incineration plants for radioactive waste (BHATIA et.al. 1987). The 
occurrence of such chloro-PAHs in Japanese tap water is reported by Sh ir a is h i. 
They found concentrations of chloro-PAHs from 0.01 to 0.1 ng/1 in the distributed 
water whereas none of these compounds could detected in the raw water. It was 
concluded that the coal-tar lined pipes used in the distribution network were 
responsible for the parent PAHs (Sh ir a is h i et. al. 1985). These constituents were 
proved to exhibit a high carcinogenic and mutagenic potential in laboratory studies 
(C o l m sjO et. al. 1984, BASU et. al. 1984). Examination of water distribution systems 
under consideration as possible sources for mutagens showed that chlorination of 
water travelling through coal-tar linings may form products which represent a source 
for the occurrence of mutagens in drinking water (Sc h w a r t z  &  Sa x e n a  1979).
2.7.2 Reactions of Chlorine with PAHs
2.7.2.1 Chlorine as a Biocide Agent in Water Distribution
Chlorine is one of the cheapest, safest, easiest, and most widely used chemicals in the 
control of microbial agents. Chlorine is used either as gaseous chlorine or as a 
hypochlorite salt (usually sodium). The gas can be either be injected directly or
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generated in situ by electrolysis techniques, but in all cases it is the production of 
HOC1 which is the key agent in disinfection (G ordon  et. al. 1976, H ooper 1987):
Cla + H20  ** HOC1 + HC1
HOC1 + OH- ^  ocr + h 2o
When sodium-hypochlorite is used the reaction occurs as follows:
NaOCl + H20  ** HOC1 + NaOH
The extent to which the reactions take place depends on the pH value of the water as 
illustrated in figure 2.7.1. At pH 4 practically all the available chlorine is present as 
HOC1 while at pH 10 dissociation to OCf is complete. The disinfection power of 
chlorine is much influenced by the pH because longer contact times are needed for the 
same dose to be effective at pH where HOC1 is not readily formed.
Figure 2.7.1 Equilibrium Diagram for Cl2 / HOC1 / OC1"
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The prescribed maximum concentrations for free residual chlorine in the distributed 
water depends on the national regulations on drinking water safety and quality. In 
Germany a maximum dosage of 0.6 mg/1 free available chlorine is prescribed in the 
drinking water act with a maximum concentration of 0.3 mg/1 resp. a minimum 
concentration of 0.1 mg/1 when fed in to the water distribution network 
(Trinkwasserverordung 1990).
2.7.2.2 Previous Investigations on Reaction Products with PAHs
From the first investigations of chlorinated PAHs in waters it is reported that the 
chlorination of water containing PAHs resulted in decreasing PAH concentrations 
(Graf & Nothhafft 1963, Trakhtman & Manita 1966, Borneff 1969, 
Harrison et. al. 1976a , Harrison et. al. 1976b, Perry & Harrison 1977). The 
formation of chlorinated PAHs, which is reported from laboratory experiments, is one 
possible explanation for this observation. (CARLSON et. al. 1975, Carlson et. al., 
1977, OYLER et. al. 1978, Alben 1980b, OYLER et. al. 1982, OYLER et. al. 1983, 
Liukkonen et. al. 1983, Rannug et. al. 1986, Onodera et. al. 1989, N ilsson et. al. 
1989, Nilsson et. al. 1990, Nilsson et. al. 1991, Nilsson et. al. 1993). Chlorination 
was not proposed for the removal of the PAH moiety during water treatment because 
a great potential for the synthesis of new compounds which remain in solution was 
assumed (Sorrell et. al. 1980).
The reaction of pyrene on chlorination was first described by GOLDSCHMIEDT & 
WEGSCHEIDER in 1883. VOLLMANN et. al. identified the main products as 1- 
chloropyrene, 1 ,6- , 1 ,8-, and 1,3-chloropyrene that are formed during the pyrene - 
chlorine reaction (Vollmann 1937).
Figure 2.7.2 Reaction of Pyrene with Chlorine (from Vollmann 1937)
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During the investigations carried out in recent years mainly chlorinated and oxidised 
derivatives were found. In the group of chloro-PAHs single and multiple added 
derivatives were found as well as single and multiple substituted derivatives. Table 
2 .7 .1 gives an overview of the products detected by different authors.
Table 2.7.1 Chlorinated Derivatives of the CI2 - PAH reaction
parent-PAHa
Anthracene Monochloroanthracene
9-Chloroanthracene
9,10-Dichloroanthracene
T richloroanthracene
Hexachlorotetrahydroanthracene 
1 -Chloro-4-methylanthracene 
Chloroanthraquinone
Onodera et. al 1989
Nilsson & Colmsjo 1990; John sen &
Gribbestad 1988 & 1989
Nilsson & Colmsjo 1990; Johnsen &
Gribbestad 1988 & 1989; Onodera et.
al 1989; Oyleret. al 1982
Nilsson & Colmsjo 1990; Onodera et.
al 1989
Nilsson & Colmsjo 1990 
Carlson et. al 1977 
Onodera et. al 1989
Benz(a)anthracene 7-Chlorobenz(a)anthracene 
x-Chlorobenz(a)anthracene 
7,12-Dichlorobenz(a)anthracene 
x, x-Dichlorobenz(a)anthracene 
T richlorobenz(a)anthracene 
Dichlorodihydrobenz(a)anthracene 
T richlorodihydrobenz(a)anthracene 
T etrachlorotetrahydrobenz(a)anthracene 
Pentachlorotetrahydrobenz(a)anthracene
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990 
Nilsson & Colmsjo 1990 
Nilsson & Colmsjo 1990 
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990 
Nilsson & Colmsjo 1990 
Nilsson & ColmsjO 1990
Benzo(a)pyrene 6-Chlorobenzo(a)pyrene
x-Chlorobenzo(a)pyrene
5-Chlorobenzo(a)pyrene
Dichlorobenzo(a)pyrene
T richlorobenzo(a)pyrene
Nilsson & Colmsjo 1990
Nilsson & ColmsjO 1990
Grfif & Nothhafil 1963; Trakhtman & 
Manita 1966
Nilsson & ColmsjO 1990; Johnsen & 
Gribbestad 1988, 1989 
Nilsson & ColmsjO 1990; Johnsen & 
Gribbestad 1988, 1989
9-Methylanthracene 10-Chloro-9-methvlanthracene Onodera et. al 1989
2-Methylanthracene Monochloro-2-methylanthracene 
Dichloro-2-methylanthracene 
T richloro-2-methylanthracene 
Chloromethylanthraquinone
Onodera et. al 1989 
Onodera et. al 1989 
Onodera et. al 1989 
Onodera et. al 1989
9,10-
Dimethylanthracene
Dichloro-9,10-dimethylenanthracene 
T richloro-9,10-dimethylenanthracene
Onodera et. al 1989 
Onodera et. al 1989
Benzo(ghi)perylene Monochlorobenzo(ghi)perylene
Dichlorobenzo(ghi)perylene
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990
Coronen Monochlorocoronen 
Dichlorocoronen 
T richlorocoronen 
T etrachlorocoronen
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990 
Nilsson & ColmsjO 1990
Dibenzo(ah)pyrene 7,14-Dichlorodibenzo(ah)pyrene Nilsson & ColmsjO 1990
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Table 2.7.1 Chlorinated Derivatives of the Cb - PAH reaction (continuation)
Dibenzo(ai)pyrene 5-Chlorodibenzo(ai)pyrene 
5,8-Dichlorodibenzo(ai)pyrene 
T richlorodibenzo(ai)pyrene 
T etrachlorodibenzo(ai)pyrene
_______ publication_______
Nilsson & Colmsjo 1990 
Nilsson & ColmsjO 1990 
Nilsson & Colmsjo 1990 
Nilsson & Colmsjo 1990
Fluoranthene Monochlorofluoranthene 
3 -Chlorofluoranthene 
x-Chlorofluoranthene
Dichlorofluoranthene 
T etrachlorotetrahydrofluoranthene 
2-Hydroxy-9-chlorofluoranthene
Oyleret. al 1978
Nilsson & ColmsjS 1990; Johnsen & 
Gribbestad 1988 & 1989; Oyler et. al 
1982 & 1983; Shiraishi et. al 1985 
Nilsson & Colmsjo 1990; Johnsen & 
Gribbestad 1988 & 1989 
Nilsson & Colmsjo 1990; Johnsen & 
Gribbestad 1988 & 1989 
Carlson eL al 1977
Fluorene Monochlorofluorene
2-Chlorofluorene
9-Chlorofluorene
Dichlorofluorene
T richlorofluorene 
T etrachlorofluorene 
T etrachlorotetrahydrofluorene 
Hexachlorohexahydrofluorene 
Heptachlorohexahydrofluorene 
Chlorohydroxyfluorene 
2,7-Dichlorofluorene 
Chlorofluorenon
Alben 1980b; Oyleret. al 1978
Shiraishi et. al 1985; Carlson et. al
1977; Oyler et. al 1982 & 1983;
Liukkonen 1983
Onodera et. al 1989
Oyler et. al 1983; Onodera et. al 1989;
Liukkonen 1983
Onodera et. al 1989
Onodera eL al 1989 
Onodera et. al 1989 
Onodera et. al 1989 
Onodera et. al 1989 
Liukkonen 1983 
Oyleret. al 1982 
Shiraishi eL al 1985
Indeno( 1,2,3-cd)pyrene Monochloroindeno( 1,2,3-cd)pyrene 
Dichloroindeno( 1,2,3-cd)pyrene 
T richloroindeno( 1,2,3 -cd)pyrene
Nilsson & Colmsjo 1990 
Nilsson & ColmsjO 1990 
Nilsson & Colmsjb 1990
1 -Methylnaphthalene Monochloro-1 -methylnaphthalene 
4-Chloro-1 -methylnaphthalene 
Chlorohydroxy-1 -methylnaphthalene 
Chlorodihydroxy-1 -methylnaphthalene 
Chlorotrihydroxy-1 -methylnaphthalene 
T rihlorodihydroxy-1 -methylnaphthalene 
Dichloro-1 -methylnaphthalene 
T richloro-1 -methylnaphthalene 
1 -Chloro-4-1 -methylnaphthalene 
Monochloromethylnaphthoquinone
Oyleret. al 1982 
Oyleret. al 1982 
Oyler et. al 1982 
Oyler et. al 1982 
Oyleret. al 1982 
Oyleret. al 1982 
Oyleret. al 1982 
Oyleret. al 1982
Cum & de la Mare 1967a and 1967b 
Oyleret. al 1982
I -Methylphenanthrene Monochloro-1 -methylphenanthrene 
Dichloro-1 -methylphenanthrene 
Chlorohydroxy-1 -methylphenanthrene
9.10-Dichloro-9,10-dihydro-1 -methyl­
phenanthrene
9.10-Dichloro-9,1O-dihydro-x-hydroxy- 
1 -methylphenanthrene
T richlorodihydro-1 -methylphenanthrene
Onodera et. al 1989; Oyler et. al 1978 
Oyleret. al 1982 
Oyleret. al 1982
Oyler eL al 1982; Onodera eL al 1989 
Oyleret. al 1982 
Onodera eL al 1989
2.7 Reactions of Chlorine and Chlorine Dioxide on PAHs 74
Table 2.7.1 Chlorinated Derivatives of the CI2 - PAH reaction (continuation)
parent-PAHs chlorinated derivatives publication
2-Methylphenanthrene 10-Chloro-2-methylphenanthrene
9.10-Dichloro-2-methylphenanthrene
9.10-Dichloro-9,10-dihydro-2- 
methylphenanthrene 
Tetrachloroterahydro-2- 
methylphenanthrene
T richlorodihydro-2- 
methylphenanthrene
Onodera et. al 1989 
Onodera et. al 1989 
Onodera et. al 1989
Onodera et. al 1989
Naphthalene Monochloronaphthalene 
1 -Chloronaphthalene
Dichloronaphthalene
Alben 1980b
Shiraishi etal 198S; de la Mare eL al 
1966
Shiraishi eLal 1985
Phenanthrene Monochlorophenanthrene
9-Chlorophenanthrene
9, 10-Dichlorophenanthrene
cis/trans-9,10-Dichloro-9,10-
dihydrophenanthrene
9.10-Dichloro-9,10
dihydrophenanthrene
cis/trans-9-Acetoxy- 10-chloro-9,10-
dihydrophenanthrene
T richlorophenanthrene
x, 9.10-Trichloro-9,10-
dihydrophenanthrene
T richlorodihydrophenanthrene
1 -Methyl-9-chlorophenanthrene
1 -Methyl-x-hydroxy-9-chloro-
phenanthrene
9-Chloro-10-hydroxyphenanthrene
Oyler et. al 1978
Alben 1980b; Shiraishi et.al 1985; 
Carlson et. al 1977; Onodera eL al 
1989; Oyler et. al 1982; Nilsson & 
Colmsjo 1990; Oyler et. al 1983; de la 
Mare eL al 1961
Nilsson & Colmsjo 1990; ; Ovler et. 
al 1982 & 1983; Shiraishi eLal 1985; 
Onodera et. al 1989 
de la Mare et. al 1969
Nilsson & Colmsjo 1990
de la Mare et. al 1969;
Onodera et. al 1989 
Nilsson & ColmsjO 1990 
Onodera et. al 1989
Carlson et. al 1977; Liukkonen 1983 
Liukkonen 1983 
Onodera et. al 1989
Pyrene 1-Chloropyrene ,4-Chloropyrene
Dichloropyrene
1.6-Dichloropyrene
1.8-Dichloropyrene 
1,3-Dichloropyrene 
Trichloropyrene
1.3.6-T richloropyrene 
4,5-Dichloro-4,5-dihydropyrene
4,5 9,10-Tetrachlorotetrahydropyrene 
x,4,5-Trichloro-4,5-dihydropyrene
1.3.6 .8-Tetrachloropyrene 
Chloropyrenoquinone
Nilsson & Colmsjo 1990; Oyler et. al 
1982; Liukkonen 1983; ColmsjO et. al 
1984
Nilsson & ColmsjO 1990 & 1989; 
Oyler et. al 1982;
ColmsjO et. al 1984
ColmsjO et. al 1984
ColmsjOeL al 1984
Nilsson & Colmsjo 1989; Oyler eL al
1982
ColmsjO eL al 1984
Colmsj& eL al 1984; Nilsson &
ColmsjO 1990
Nilsson & ColmsjO 1990 & 1989 
ColmsjO eL al 1984; Nilsson & 
ColmsjO 1990 & 1989; RannungeL al 
1986
ColmsjO eL al 1984 
Liukkonen 1983
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Table 2.7.2 Oxygenated Derivatives of the CI2 - PAH reaction
f p 1 n
v u l" T oxygenatcd-Derivatives publication
Anthracene Anthraquinone
Monohydroxyanthracene 
9,10-Dihydroxyanthracene
Alben 1980b: Shiraishi eLal 1985; 
Carlson eL al 1977: Onodera et al 
1989; Oyler eL al 1982; Nilsson & 
ColmsjS 1990; Liukkonen 1983 
Liukkonen 1983
Liukkonen 1983
Benz(a)anthracene Benz(a)anthraquinone Liukkonen 1983
Benzo(a)pyrene 3,4-Benzpyrene-5,8-quinone Grtf & Nothhafft 1963
9-Methylanthracene 9-Methyl-1O-hydroxy-9,10- 
dihydroanthracene
Onodera et. al 1989
2-Methylanthracene Methylanthraquinone Onodera eL al 1989
9.10-Dimethyl- 
anthracene
Dihydroxy-9,10-dimethylanthracene Onodera eL al 1989
Fluorene Fluorenone Liukkonen 1983; Alben 1980b; 
Shiraishi eLal 1985
1 -Methylnaphthalene Monohydroxy-1 -methylnaphthalene 
Dihydroxy-1 -methylnaphthalene 
Methylnaphto acid 
Methylnaphtoquinone 
Hydoxymethylnaphtoquinone 
T etrahydroxydihydro- 
1 -methylnaphthalene
Oyler eL al 1982 
Oyler eLal 1982 
Oyler eLal 1982 
Oyleret. al 1982 
Oyleret. al 1982
Oyler et. al 1982
1 -Methylphenanthrene Monohydroxy-1 -methylphenanthrene 
9,10-Dihydroxy-1 -methylphenanthrene
Liukkonen 1983 
Liukkonen 1983
Phenanthrene Methyldiphene acid
Phenanthraquinone
Hydroxyphenanthrene
Dihydroxyphenanthrene
Dihydroxydihydrophenanthrene
Diphene acid
Liukkonen 1983 
Oyler eLal 1983 
Oyler eL al 1983 
Oyler eLal 1983 
Oyler eLal 1983 
Oyler eLal 1983
1 -Methylphenanthrene 1 -Methylphenanthraquinone Liukkonen 1983
Pyrene Pyrenequinone
Dihydroxypyrene
4-Hydroxypyrene
Liukkonen 1983 
Liukkonen 1983 
Liukkonen 1983
Experiments for the determination of the reactivity of benzo[a]pyrene dissolved in 
distilled water with acetone in a concentration of 5 pg/1 showed reductions of the 
PAH concentration when chlorine with a concentration of 0.3 mg/1 was added. 
Further studies showed the formation of 5-monochloro-3,4-benzopyrene and 3,4- 
benzopyrene-5,8-quinone (G rAf  & NOTHHAFFT 1963). BORNEFF, who found 
quinones and chlorinated derivatives in his experiments, assessed these results as not 
significant for the application of the chlorination for PAH removal in water treatment 
(BORNEFF 1967, BORNEFF 1969). Anthracene was found to be the most reactive 
compound, followed by benzo[a]pyrene and fluoranthene, while fluorene was less 
reactive than the other three (Jo h n s e n  et. al. 1988, Jo h n s e n  et. al. 1989). These 
findings are in accordance with the results achieved during examinations on the rates 
of the bromination of PAHs ( ALTSCHULER &  BERLINER 1966). The reaction products 
identified during aqueous chlorination of 2.20 mg/1 at a pH-value of 4-7 by CARLSON
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et. al. were chlorinated-, oxygenated, and hydroxylated PAHs (Carlson et. al. 
1977).
The effects of chlorination on the composition of coal-tar leachate from test panels 
exposed to 40 1 of tap water was investigated by ALBEN who identified aqueous 
chlorination products of standard parent PAHs by chlorination with 50 mg/1 free 
chlorine produced with a sodium hypochlorite solution. Identified products were 
monochloro-derivatives of fluorene, phenanthrene, methylnaphthalene and 
methylanthrene as well as bromine- and nitrogen-substituted PAHs. The distribution 
of the PAHs in the leachate was significantly modified due to the chlorination of the 
water. After the chlorination fluorene was the most prominent PAH whereas 
phenanthrene was the major compound found in the non-chlorinated water (Alben 
1980b). A catalytic effect with a higher reaction velocity was observed when PAHs 
were adsorbed to carbon black like soot (Nilsson et. al. 1989, N ilsson et. al. 1990).
Table 2.7.3 PAHs and their Derivatives in Coal-Tar Leachate (Alben 1980b)
parent-, nitrogen- and halogenated substituted PAHs
naphthalene anthraquinone
biphenyl chloronaphthalene
fluorene chlorofluorene
phenanthrene chlorodibenzofurane
anthracene chlorophenanthrene
fluoranthene bromonaphthalene. -fluorene
dibenzofurane bromodibenzofurane
The effect of humic substances was studied by JOHNSEN et. al. who found, that 
reactions of anthracene, fluorene, and benzo[a]pyrene were not influenced by humic 
substances whereas humic substances decreased the efficiency of the reactions of 
chlorine with fluoranthene due to the formation of products other than chloro-PAHs 
(Becher & Johnsen 1987, Johnsen et. al. 1988, Johnsen et. al. 1989). They 
concluded that during the chlorination of water where high TOC concentrations are 
present, the PAHs can not compete with the chlorine - humic substances reaction 
(Johnsen et. al. 1987, Johnsen et. al. 1991).
2.7.2.3 Previous Investigations on the Pathways of Formation
For the halogenation of polycyclic aromatic hydrocarbons the electrophilic aromatic 
substitution represents one of the most important reaction pathways. It can be shown 
in the reaction of benzene a hydrogen atom must be split off followed by a 
substitution of chlorine. The reaction must be catalysed by the LEWis-acid. During the 
formation of the chlorinated derivative, a carbenium-ion as an intermediate product is 
formed. By splitting of a proton and reformation of the 7t-electron system the chloro- 
substituted product is formed.
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A further reaction is the electrophilic addition of chlorine at a double bond of the 
aromatic compound. Such addition reactions destroy the 7t-electron system of the 
aromatic compound and form substances more polar than the parent PAHs. In many 
cases the products derived from electrophilic substitution are more stable than the 
chloro-added products.
The electrophilic aromatic substitution of phenanthrene, naphthalene, and 1- and 2- 
methylnaphthalene in acetic acid is described by DE LA MARE who investigated the 
effect of different solvents such as trichloromethane, nitromethane and chloroform on 
the product distribution of the derivatives (Table 2.7.4). He found mainly substituted 
derivatives as well as chloro-added derivatives (DE LA M a r e  et. al. 1961, DE LA M a r e  
et. al. 1966, d e  l a  M a r e  et. al. 1969).
Table 2.7.4 Effect of Different Solvents on the Distribution of Cl-PAHs (DE LA M a r e  
et. al. 1969)
Percentage of tlhe Derivatives in Different Solvents
Derivatives CH3COOH* CHCI3 CH3NO2
Chlorophenanthrene 35% 41% 66%
cis-9,10-Dichloro-9,10- 
dihydrophenanthrene 38% 41% 23%
trans-9,10-Dichloro-9,10- 
dihydrophenanthrene 10% 18% 11%
remainder to 100 %: c/s-9-acetoxy-10-chloro-9.10-dihydrophenanthrene (5%), /rans-acetoxy-10- 
chloro-9,10-dihydrophenanthrene (12%)
For the reaction of pyrene and chlorine in aqueous solution at pH = 4 the reactive 
chlorine species was found to be the chlorine molecule (LIUKKONEN et al. 1983). At 
higher pH-values the reaction species is HOC1 or 0C1‘ and the initial attack begins at 
the 4,5-bond which results in the formation of an epoxide (Figure 2.7.3). A similar 
mechanism was also described by DE La M are  for phenanthrene in acetic acid (De 
La M are  1969).
The kinetics of the chlorination of anthracene was investigated by OYLER et. al. who 
described a mechanism of chlorination according to D e  La  M a r e  (1961) where 
chlorinated derivatives as well as oxygenated derivatives were found. A reaction of 
the PAHs with chlorine by oxidation, substitution or by a radical mechanism was 
proposed by R a v -a c h a  & B lits (1985). Their results of kinetic investigations gave 
indication that the main pathway of formation is an electrophilic attack of the 
hypochlorous acid (HOC1) on the aromatic hydrocarbon.
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The reaction time in the presence of UV-irradiation was found to be shorter than in 
the absence of light. It was shown, that some PAHs had a largely different reactivity 
in the presence of UV- light (eg. phenanthrene, fluoranthene) whereas others are very 
reactive under both conditions (perylene, benzo[a]pyrene). The irradiation had a 
minor effect when the PAHs were adsorbed to particles, eg. carbon black (Nilsson 
et. al. 1989, Nilsson et. al. 1990).
2.7.2.4 Kinetics of the Chlorine Reaction
Investigations on the kinetics of the chlorination of naphthalene and phenanthrene in 
acetic acid and chloroform showed that the addition of electrolytes during the reaction 
increased the reaction velocity (De la Mare 1961, Chum et. al. 1967a, Chum et. al. 
1967b, De LA MARE 1969). The half-life values relative to pyrene for different PAHs 
and pyrene derivatives were measured by N ilsson & ColmsjO (1989) and are shown 
in Table 2.7.5. They observed a significant influence of the reaction by UV-irradiation. 
GRAF & Nothhafft (1963) found a half-life value of 2-3 hours for benzo[a]pyrene.
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Table 2.7.5 Half Time Values for PAHs in CCL» at 25 °C Relative to Pyrene Carried 
Out in Darkness (from Nilsson & Colmsjo 1989)
half time values for PAHs relative to pyrene
dibenzo(a,h)pyrene <0.10
dibenzo(a,i)pyrene <0,10
benzo(a)pyrene <0,10
perylene <0,10
anthracene <0,10
benzo(g.h.i)perylene <0,10
indeno( 1,2,3 -c,d)pyrene 1,04
benz(a)anthracene 0,83
dibenz(a,h)anthracene 2,16
benzo(j)fluoranthene 5.66
chrysene > 10.00
coronene 1,54
pyrene 1,00
fluoranthene > 10.00
benzo(a)fluorene > 10,00
benzo(e)pyrene 2.50
phenanthrene > 10.00
The chlorine - PAH reaction was found to follow a second order reaction (Harrison 
et. al. 1976, Oyler et. al. 1978, Rav-Acha & Blits 1985). An enhancement of the 
PAH - chlorine reaction was observed with increasing temperature, contact time, and 
concentration of hypochlorous acid [HOC1] as well as with low pH. For low pH - 
values the reaction was also dependent from the FT - concentration. (Harrison et. al. 
1976a and 1976b, PERRY & HARRISON 1977)
2.7.3 Reactions of Chlorine Dioxide with PAHs
2.7.3.1 Chlorine Dioxide as a Biocide Agent in Water Distribution
Chlorine dioxide (CIO2) is second to chlorine as the most widely used oxidising 
biocide (HOOPER 1987). It is applied in water treatment because it does not form 
trihalomethanes. It is soluble in water where it exists as a true dissolved gas over a 
wide pH  range. As a liquid it is unstable and unsuitable for storage and consequently 
it is always generated as a gas on-site and immediately dissolved.
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CIO2 is generated by two routes:
(i) The reaction of sodium chlorite solution with gaseous chlorine:
2NaC102 + Cl2 = 2C102 + 2 NaCl
(ii) or by the reaction of sodium chlorite solution with hydrochloric 
acid and hypochlorite:
NaOCl + HC1 + 2 NaC102 = 2 C102 + 3 NaCl + H20
After the dosage of the C102 into the water the disinfectant decays into chlorite and 
chlorate as follows:
2C102 + H20  *=* C102* + CIOs' + 2 fT
Chlorite and chlorate are known as toxic substances. Therefore the maximum dosage 
of 0.4 mg/1 C102 and the maximum concentration of 0.2 mg/1 C102 after the water 
treatment process is prescribed in the drinking water act of Germany related to a 
maximum chlorite concentration of 0.2 mg/1 C102‘ (TRINKWASSERVERORDNUNG
1988). The maximum suggested No Adverse-Response-Level (Snarl) for a man 
with 70 kg body weight was found to be at 0.125 mg/1 C102' during a consumption of 
drinking water of 2 litres per day (BERNHARD & WILHELMS 1985, TUSCHEWITZKY & 
Hahn 1985).
2.7.3.2 Previous Investigations on Reaction Products with PAHs
Regarding the C102 - PAH reaction the number of derivatives identified is very much 
smaller compared with the Cl2 - PAH reaction. It was proved that chlorine dioxide 
showed good reduction rates for PAHs. Reaction products identified were chlorinated 
derivatives, quinones, furanes and phenols. (Reichert 1968a, Reichert 1968b, 
Reichert 1969, Reichert & Kunte 1971, Chen et. al. 1982, Rav-Acha 1983a; 
Rav-Acha et. al. 1983b, Rav-Acha & BLITS 1985, Rav-Acha & CHOSHEN 1987). 
Chlorine dioxide in concentrations of 0.1-1.0 mg/1 was used in experiments carried 
out by REICHERT who observed a reduction of the PAHs (l-10pg/l) on a logarithmic 
scale. Reaction products such as different derivatives of benzopyrene-quinone, 5- 
chloro-3,4-benzopyrene, 5,8,10-trichloro-3,4-benzopyrene and two isomeres of 
dichloro-3,4-benzopyrene could be identified. At concentrations below 0.01 pg/1 
benzo[a]pyrene was not found to react with chlorine (Reichert 1968a). The chlorine 
- PAH reaction products were found to be generally similar with structural variations 
associated with the specific reactive chlorine species present. Further, the reaction 
rates of chlorine dioxide with PAHs in water compared with those of chlorine were 
found to be considerably slower (Liukkonen et. al. 1983).
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An overview on the reaction products found is given in table 2.7.6 (from Lucas 
1995).
Table 2.7.6 Reaction Products
parent PAHs derivatives publication
Anthracene Anthraquinone Liukkonen el. al 1983; Rav-Acha & 
Blits 1985
Benz(a)anthracene Benz(a)anthraquinone Liukkonen et. at 1983
Benzo(a)pyrene Benzo(a)pyrene-1,5-quinone 
Benzo(a)pyrene-5,8- quinone 
Benzo(a)pyrene-5,10- quinone 
5-Chlorobenzo(a)pyrene 
5,8,10-T richlorobenzo(a)pyrene
Reichert 1968a and 1989b 
Reichert 1968a and 1989b 
Reichert 1968a and 1989b 
Reichert 1968a and 1989b 
Reichert 1968a and 1989b
Fluorene Dibenzofurane
Diphenylmethane
a-Fluorenol
Methyl-a-fluorenol
a-Fluorenone
Chlorofluorene
Chen et al 1982 
Chen et al 1982 
Chen et al 1982 
Chen et al 1982
Chen et. al 1982; Liukkonen et. al 
1983
Chen et al 1982
1 -Methylnaphthalene 4-Chloro-1 -methylnaphthalene 
2-Chloro-1 -methylnaphthalene 
2,4-Dichloro-1 -methylnaphthalene 
1 -Hydroxymethy lnaphthalene 
1 -Naphthaldehyde
Taymazet. al 1979 
Taymaz et. al 1979 
Taymazet al 1979 
Taymazet. al 1979 
Taymaz et. al 1979
2-Methylnaphtalene 1 -Chloro-2-methylnaphthalene 
3 -Chloro-2-methylnaphthalene 
1,3-Dichloro-2-methylnaphthalene 
2-Hydroxymethylnaphthalene 
2-Naphthaldehyde 
2-Methyl-1,4-naphtoquinone
Taymazet al 1979 
Taymazet. al 1979 
Taymazet. al 1979 
Taymaz et. al 1979 
Taymazet al 1979 
Taymazet. al 1979
Methylphenanthrene Monochloromethylphenanthrene 
9,10-Dichloromethylphenanthrene 
Methylphenanthraquinone
Liukkonen et. al 1983 
Liukkonen et. al 1983 
Liukkonen et. al 1983
Naphthalene Monochloronaphtalene 
1,4-Dichloronaphtalene 
Phtalic acid
Taymaz et. al 1979 
Taymazet. al 1979 
Taymazet al 1979
Pyrene Dihydroxypyrene
1-Chloropyrene
Dichloropyrene
Liukkonen et. al 1983 
Liukkonen et al 1983 
Liukkonen et. al 1983
2.7.3.3 Previous Investigations on the Pathways of Formation
The dependence of the PAH - chlorine reaction was confirmed by CHEN et. al. for the 
reaction of polycyclic hydrocarbons with chlorine dioxide (CHEN et. al. 1982). R a v - 
Ac h a  et. al. found that chlorine dioxide is much more selective to the different PAHs 
than chlorine. For fluorene, naphthalene, and benzo[e]pyrene which showed a rapid 
reaction with chlorine, no reaction could be observed. Other PAHs such as anthracene
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and benzo[a]pyrene reacted very much faster with chlorine dioxide than with chlorine. 
They proposed a reaction mechanism where a cationic radical is formed (R a v -A c h a  
et. al. 1983a and 1983b, R a v -A c h a  &  BLITS 1985, Rav-ACHA & CHOSHEN. 1987).
This observation was confirmed for the reaction with fluorene with an hydroxy- 
derivative as a final product (Chen 1982). The reaction of pyrene with chlorine 
dioxide by a radical mechanism was described by Liukkonen et. al.. He found that 
the reaction predominantly takes place at the 1,6- and 1,8-position. The formation of 
1,8-dihydroxypyrene is shown in figure 2.7.4.
Figure 2.7.4 Reaction of Pyrene with Chlorine Dioxide (from LIUKKONEN et. 
al.1983)
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2.7.3.4 Kinetic of the Chlorine Dioxide Reaction
R a v -A c h a  et. al. found the same coherence for the chlorine dioxide reaction as for 
the chlorine reaction, a reaction of second order where the velocity of the reaction 
was proportional to the PAH concentration and the chlorine dioxide concentration 
(R a v -A c h a  &  B lits  1985, R a v -A c h a  &  Ch o sh e n  1987).
2.7.4 Toxicology, Carcinogenity and Mutagenicity of Chlorinated PAHs
An assessment of the health hazard potential of chlorinated mixtures of chrysene, 
pyrene, and fluoranthene was published by B h a tia  et. al. using Salmonella 
typhimurium TA 98 and TA 100 (Ames et. al. 1975) in a concentration range of 0.5 
to 5.0 pg/1. They observed no toxic effect, however the chlorinated compounds in 
contrast to their parent PAHs were found to be strong mutagens in the Ames-Test 
(B h a t ia  1987). Similar observations were made for a series of eight 
monochloroarenes (1-chloronaphthalene, 1-chloroanthracene, 2-chloro-anthracene, 9- 
chlorophenanthrene, 9-chloroanthracene, 1-chloropyrene, 6-chlorobenzo(a)anthra- 
cene, 6-chlorochrysene) which have been tested for mutagenicity in the Salmonella 
typhimurium assay. None of these compounds was detectably active in the absence of 
mammalian activation whereas, depending on structure, some of the compounds were 
mutagenic in its presence, having responses higher than those reported for their parent 
compounds (LOfr o t h  et. al. 1985).
Other investigations showed, that the minor (chloro-added) products from the 
chlorination of pyrene are substances with chemical and biological properties clearly 
distinguished from those of pyrene and chloro- substituted pyrene. Compared with 
other pyrene derivatives, the unstable chloro-added pyrenes are potent mutagens in 
Salmonella typhimurium, more than the chloro-substituted products (COLMSJO et. al. 
1984, ColmsjO et. al. 1988, Nilsson et. al. 1990). The comparison of pyrene 
derivatives with a different degree of chlorination showed, that monochloropyrenes 
exhibit a higher mutagenicity than di-, tri- or tetrachloropyrenes (COLMSJO et. al. 
1984).
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3 MATERIALS AND METHODS
3.1 Material and Analytical Methods
3.1.1 Electrode Measurements
3.1.1.1 Conductivity
For the determination of the conductivity during the fie ld  investigations a portable 
Testo 252 device (Testo, Lenzkirch-Schwarzwal d, Germany) with a type 11 electrode 
was used. The electrode had a measurement range from 0.0 - 2000 mS/cm with an 
accuracy of ± 0.5% of the measured value. The measured value was compensated 
with an integrated temperature probe, the values are related to a temperature of 25 
°C.
During the pipe rig investigations the conductivity was measured using a portable 
conductometer LF 91 manufactured by WTW, Weilheim, Germany. This device has a 
conductivity electrode, type KLE 1/T, with a measuring range from 0.0 - 199.9 
mS/cm which was divided in four ranges. The cell constant was 1.0 cm*1. The 
measuring value is temperature-compensated in the temperature range from 0 to 50 
°C with a compensation constant of 2.1 %/K. The measured values are related to a 
temperature of 25 °C. The temperature is measured with an internal probe based on 
the measurement of the resistance of a thermocouple as described in chapter 3.1.1.2.
3.1.1.2 Temperature
The temperature was measured with the internal temperature electrode of the 
conductivity instrument Testo type 11 (Testo, Lenzkirch-Schwarzwald, Germany) 
during the field investigations whereas the internal temperature electrode of the 
conductometer LF 91 (WTW, Weilheim, Germany) with a measurement range from - 
5 to +50 °C was used during the pipe rig investigations.
3.1.1.3 Oxygen
For the determination of the oxygen concentrations a portable instrument, type OXI- 
96 (WTW Weilheim, Germany) was used. The measurement with the WTW EO 96 
electrode is based on the two electrode principle using a gold-cathode and a 
polarisation voltage. The oxygen sensor is an amperometric oxygen electrode. The 
measurement range was 0 - 6 0  mg/1 O2 with an accuracy of ± 1 % of the measured 
value.
3.1.1.4 pH-Value and Oxidation-Reductlon Potential
During the fie ld  investigations the pH-value was measured using a Testo 252 device 
(Testo, Lenzkirch-Schwarzwald, Germany) with an universal electrode type 04 having
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a measurement range from 0 - 1 4  pH-units with an accuracy of ± 0.01 pH-units. The 
calibration was made using buffer solutions at pH 7 and pH 10 (Merck, Darmstadt, 
Germany).
The pH-value during the pipe rig investigations was determined with a pH96 (WTW, 
Weilheim, Germany) equipped with a Sentix 97T electrode. The measurement range 
was from 0 - 1 4  pH-units with an accuracy of ± 0.01 pH-units. The temperature range 
for the application of the instrument is from -5 to +80 °C. The device was calibrated 
before the measurement with a buffer solution (Merck, Darmstadt, Germany) using a 
two point calibration at pH 7 and pH 10.
During the fie ld  investigations the oxidation-reduction potential was measured using 
a Testo 252-equipment and a type 06 electrode (Testo, Lenzkirch-Schwarzwald, 
Germany). The measurement range of the equipment was 0-1999 mV ± 1 mV. An 
Ingold-Redox combination electrode Pt 4805-57 showing a measurement range of 
-500 to +500 mV ± lmV in combination with a WTW pH219R device (WTW, 
Weilheim, Germany) was used for the examination of the pipe rig samples.
3.1.2 Photometric Methods
3.1.2.1 Chlorine and Chorine Dioxide
The determination of the free residual chlorine concentration was carried out 
according to the regulations of the D IN  38 408-G4 (N o r m e n a u s s c h u s s  
WASSERWESEN 1997) with an Allcon Test 310 instrument (Alldos, Pfinztal, 
Germany). Using this method, the reaction of chlorine with diethyl-p-phenyldiamine 
(DPD), which produces a red colour, is measured. The colour was measured with a 
photometer at a wave length of X = 552 nm. The detection limit of the method used 
was 0.01 mg/1 CI2, the maximum concentration which could be determined was 5 mg/1 
± 5 %.
3.1.2.2 Turbidity
The turbidity was measured according to the ISO 7027:1990 (N o r m e n a u s s c h u s s  
WASSERWESEN 1997) with a nephelometric method using a Hach 2110 P turbidity 
meter (Hach, Struers, Erkrath, Germany). The turbidity was determined from the 
intensity of the light scattered in an angle of 90° against the beam of light in three 
ranges from 0-9.99 NTU, 0-99.9 NTU to 0-1000 NTU with an accuracy of ± 2 % of 
the measured value. For the determination 15 ml of the water sample was required. 
The system was calibrated with Gelex-secondary standards.
3.1.2.3 Spectral Absorption Coefficient (SAK) X -  254 nm
The spectral absorption coefficient (SAK, absorption of UV-light at a wave length of 
254 nm), which was determined according to D IN  38 404 - C3 (NORMENAUSSCHUSS 
WASSERWESEN 1997), is an indicator for the presence of organic substances in the
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water without a specification of its origin. The determination was carried out using a 
Cadas 100 photometer (Dr. Lange, Dusseldorf, Germany) with a deuterium- and a 
halogen lamp covering a wave length from 200 to 900 nm. Below a wave length of 
350 nm the deuterium lamp was used. The water sample was inserted into the 
photometer in a measurement tube consisting of quarzglass with an optical length of 
50 mm (Hellma, Laborhandelsgesellschaft, Karlsruhe, Germany). The accuracy of the 
wave length is specified with ±0.1 nm.
3.1.2.4 Calcium
From the first to the 634th day the Ca2+ - ions were determined by means of ICP/OES 
(inductively coupled plasma optical emission spectrometry) as described in chapter 
3.1.3.4.
From the 634th day onwards the concentrations of the Ca2+ - ions were determined 
with the rapid screening test LCK 327 (Dr. Lange, Dusseldorf, Germany) using a 
photometeric method with a wave length of 572 nm. This method was applied during 
all experiments carried out before the 634th day parallel to the laboratory method. 
The results achieved with the rapid screening test showed no significant differences 
when compared with the results of the laboratory method. The photometer was a 
Cadas 100 (Dr. Lange, Dusseldorf, Germany). The test kit LCK 327 had a 
measurement range of 5 - 100 mg/1. The measuring technique used is based on the 
reaction of metal-phthaleine with the Ca2+ - ions showing a violet colour. The 
determination consisted of different steps. After each step the extinction of the sample 
was measured. For the measurement procedure 4 ml of the buffer solution were added 
into the measuring tube until the solid reagent was dissolved. After a reaction time of 
2 minutes 0.2 ml of the water sample was added to the tube and after a further 
reaction time of 30 seconds 0.2 ml of a masking - solution was added. After a reaction 
time of a further 30 seconds the last determination of the extinction was carried out.
3.1.2.5 Magnesium
The concentration of Mg2+ - ions was determined using the same rapid screening test 
LCK 327 as described in chapter 3.1.2.4 for Ca2+ by means of a Cadas 100 
photometer (Dr. Lange, Dusseldorf, Germany). The measurement range was from 3 - 
50 mg/1 magnesium, the wave length for the measurement was 572 nm. The 
procedure of sample preparation and measurement was the same as described in 
section 3.1.2.4.
3.1.2.6 Iron
A Cadas 100 - photometer (Dr. Lange, Dusseldorf, Germany) was used for the 
determination of the dissolved iron concentrations. The rapid screening test is based 
on the reaction of Fe(III)-ions with 1,10-phenanthroline which exhibits an orange 
colour. If Fe(HI)-ions are present in the water sample they will be reduced by ascorbic 
acid to Fe(II)-ions before they form coloured complex compounds. The determination
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was carried out at a wave length o f485 nm. The measurement range was from 0.01 to 
0.75 mg/1 iron using the test kit LCK 521 and 0.2 to 6 mg/1 using the test kit LCK 
321. The sample preparation was included the dissolution of a solid reagent which 
was incorporated in the cap of the sample preparation tube. This cell is identical to the 
measuring tube.
3.1.2.7 Manganese
The detection of manganese was also carried out by means of a Cadas 100- 
photometer with a rapid screening test LCW 032 (Dr. Lange, Diisseldorf, Germany). 
This test is based on the reaction of Mn(II)-ions in an ammoniacal solution with 
formaldoxime which exhibits a red coloured complex. Ammonia and formaldoxime in 
a volume of 1 ml each were added to 20 ml of the water sample. After a reaction time 
of 2 minutes 1 ml EDTA is added. After a further reaction time the sample was filled 
in a rectangular measurement tube with an optical length of 50 mm (measurement 
range 0.02 - 1.0 mg/1) or in a rectangular cell with an optical length of 10 mm 
(determination of concentrations between 0.2 - 5.0 mg/1).
3.1.2.8 Nitrate
Nitrate was determined with the rapid screening test LCK 339 using the Cadas 100 
photometer (Dr. Lange, Diisseldorf, Germany). The determination is based on the 
reaction of nitrate-ions with 2,6-dimethylphenole forming 4-nitro-2,6-dimethylphenole 
in phosphoric-acid-solution. The measurement range was from 1 - 6 0  mg/1 nitrate. 
The sample preparation comprised the dosage of 0.2 ml dimethylphenol into a water 
sample volume of 1.0 ml considering a reaction time of 15 minutes.
The quality of the rapid screening test was examined by parallel determinations of the 
nitrate concentrations using ion chromatography (Dionex 100) according to DIN 38 
405-D19 (N o r m e n a u s s c h u s s  W a ss e r w e s e n  1997).
3.1.2.9 Nitrite
For the determination of nitrite the rapid screening test LCK 341 in combination with 
the Cadas 100 - photometer (Dr. Lange, Diisseldorf, Germany) was used. This 
method is based on the reaction of nitrite with aromatic amines in an acid solution 
forming diazonium-salts. These diazonium salts form aromatic compounds with an 
amino- or a hydroxy-group. These final products are azo-dyes which are used for the 
determination of the nitrite concentration measured at a wave length of 524 nm. The 
sample preparation comprised the dosage of 0.5 ml buffer solution into 5 ml of the 
water sample. For the measurement of the extinction the mixture was placed into a 50 
mm measurement tube after a reaction time of 10 minutes. The measurement range 
was from 0.005 -0.1 mg/1 nitrite.
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3.1.2.10 Chloride
The chloride concentration was determined using the rapid screening test LCK 311 in 
combination with the Cadas 100 photometer (Dr. Lange, Diisseldorf, Germany). The 
measurement is based on the reaction of chloride - ions with mercury thiocyanate 
which forms mercurous(II)-chloride. At the same time an equivalent amount of 
thiocyanate-ions is released which react with Fe(III)-salts to Fe(III)-thiocyanate. For 
the determination 3 ml of the water sample have to be measured after a reaction time 
of 3 minutes in the tube. The measurement range is from 1-70  mg/1 chloride.
3.1.2.11 Sulfate
The sulfate concentration was determined with the rapid screening test LCK 153 
using a Cadas 100 - photometer (Dr. Lange, Diisseldorf, Germany). The 
determination of the turbidity caused by the reaction of sulfate-ions with barium 
chloride to barium sulfate is used for the measurement of the sulfate concentration. To 
prepare the sample a defined volume of barium chloride was added to 5 ml of the 
water sample using a spatula. The measurement was carried out after a reaction time 
of 2 minutes using a wave length of 430 nm. The measurement range was from 40 - 
150 mg/1 sulfate.
3.1.3 Laboratory Methods
The determinations of the following parameters were carried out at the laboratories of 
the DVGW-Technologiezentrum Wasser Karlsruhe (TZW), Karlsruhe, Germany.
3.1.3.1 Polycyclic Aromatic Hydrocarbons (PAHs)
The detection the 13 EPA-PAHs was carried out according to DIN 38 407 - F 8 
(N o r m e n a u s s c h u s s  W a ss e r w e s e n  1997) using high-pressure-liquid-chromato- 
graphy (HPLC) with a fluorescence detection. The HPLC was a Hewlett Packard HP 
1090 with fluorescence detector HP 1046a and a HPLC-column PAH 16plus 
manufactured by Bakerbond (3x250 mm). The water samples were stored at 4 °C in 
brown flasks with a volume of 2 litre. The PAHs were extracted from 1 litre of the 
water sample using 45 ml cyclohexane (Promochem) and mixed for 25 minutes with a 
magnetic stirrer. The extract of the phase separation was evaporated and the residue 
was dissolved in 1 ml methanol (Baker). After that lOpl of coronen-standard solution 
P = 10 ng/pl (Dr. Ehrensdorfer) was added as an internal standard. This solution was 
filled into an autosampler-vial (Hewlett Packard, 1ml, brown, 32x11 mm) and closed 
with an aluminium cap with a teflon septum inserted (WGA). The PAHs were 
separated by the HPLC and detected with the fluorescence detector. The 
measurement range is from 10-100 ng/1 for all individual PAHs. If the concentrations 
exceeded the maximum concentration detectable the samples were diluted. The PAHs 
examined during the experiments are shown in table 3.1.1.
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The partition of the PAHs adsorbed onto particles was determined by the application 
of a filtration procedure of the water sample with a 0.45 pm polycarbonate filter (0  
47 mm, Millipore) followed by the determination of the PAHs with the HPLC 
technique described above.
Table 3.1.1 PAHs Determined During the Experiments according to the US-EPA 
Clean Water Act (GOVERNMENT INSTITUTE 1997)
compound detection limit [ng/1] maximum concentration [ng/I]
Fluorene 10 100
Phenanthrene 10 100
Anthracene 10 100
Fluoranthene 10 100
Pyrene 10 100
Benz(a)anthracene 10 100
Chrysene 10 100
Benzo(b)fluoranthene 10 100
Benzo(k)fluoranthene 10 100
Benzo(a)pyrene 10 100
Dibenz(a, h)anthracene 10 100
Benzo(g?h,i)perylene 10 100
Indeno( 1,2,3-c.d)perylene 10 100
The HPLC was operated with a minimum pressure of 35 bar and a maximum pressure 
of 400 bar for 46 minutes. The oven temperature was 22 °C and the volume injected 
into the HPLC device was 25 pi. Water and acetonitrile were used as mobile phases.
3.1.3.2 Volatile Hydrocarbons (VOC)
The volatile hydrocarbons (VOC) were detected with a gas-chromatographic method 
according to DIN 38 407, part 4 (NORMENAUSSCHUSS WASSERWESEN 1997). The 
compounds determined, their detection limits and the maxiumum concentrations 
which could be detected were shown in table 3.1.2.
The analytical equipment was Hewlett Packard GC HP 5890 series 1 with a DB5MS 
column (internal 0  0.32 mm, coating 1.0 pm), an electron capture detector with a Ni 
63-source and an autosampler HP 7673A. A HP 3396 was used as an integrator. The 
processing was controlled by the HPCHEM-software.
The water was sampled in 250 ml glass flasks which were rinsed and heated for 2 
hours. Chlorinated water samples were stabilised by the dosage of 50 mg sodium-
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thiosulphate-pentahydrate as a reducing agent. For the extraction 1 ml n-pentane 
(Riedel de Haen) and 1 pi of the internal standard (0.321 pg bromotrichloromethane, 
Fluka, purity > 98%, p = 2.01 g/cm3 was added into 100 ml of the water sample. 
After the agitation for ten minutes 50 pi of the extract after the phase separation was 
filled into the autosampler vials for the measurement.
The measurement of the blind sample was carried out using 1 ml n-pentane and 1 pi 
of the internal standard. This sample was measured using the same procedure as 
applied for the examination of the water samples.
Table 3.1.2 Volatile Hydrocarbons Examined During the Experiments
compound maximum concentration [pg/1]
T richloromethane 0.3 120
Bromodichloromethane 0.1 50
Dibromochloromethane 0.1 80
T ribromomethane 0.1 120
Dichloromethane 10 variable
T etrachloro methane 0.1 6.5
T richloronitromethane 0.1 variable
Trichloroethene 0.1 60
T etrachloroethene 0.1 30
1,1,1 -T richloroethane 0.1 50
cis-1.2-Dichloroethene 5 500
trans-1,2-Dichloroethene 5 300
1,1 -Dichloroethene 1 50
1,1 -Dichloroethane 5 50
1,1,2-T richlorotrifluoroethene 0.1 20
The ECD-detector had a temperature of 320°C and the injector of 250°C (injection 
volume 1 pi, split 1:7). During the measurement procedure two temperature 
programmes were applied, the first with 70°C for 18.5 min, shifted with 4°C/min to 
130 °C and subsequently with 70°C/minute to 170 °C remaining at that temperature 
for 2 minutes. The measurement time was 36 minutes. The second temperature 
programme started at 40 °C for 20 minutes and increased to 170 °C with 70 
°C/minute remaining at the end point for 2 minutes. The measurement time was 24 
minutes. Argon and methane (90:10) were used as carrier gases with a carrier gas 
velocity of 55 ml/minute.
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3.1.3.3 Dissolved Organic Carbon (DOC)
Dissolved organic carbon (DOC) was determined according to the standard of DIN 
38 409 H3-1 (N o r m e n a u s s c h u s s  W a ss e r w e s e n  1997), a method which is based 
on the oxidation of the carbon of organic compounds to carbon dioxide. The organic 
carbon is oxidised by a catalytic-thermal oxidation. The carbon dioxide is quantified 
using infrared spectrometry. The carbon of inorganic compounds like dissolved 
carbon dioxide and ions of carbonic acid were removed by a stripping procedure with 
pure air. The samples were taken in 250 ml glass flasks stored at 4°C until the samples 
were measured. For the sample preparation 30 ml of the water sample were removed 
by a syringe and filtered by a 0.45 pm membrane filter (0  = 25 mm, Millipore) to 
remove particles from the sample. After the first filtrate was put to waste , the test 
tubes were rinsed with the filtrate two times and after that filled with the filtrate. After 
the sample preparation described above, the autosampler was equipped with 
demineralised water, the control samples and the real water samples.
For the determination of the DOC a TOC-analyser from Shimadzu (TOC-5000-A) 
with a Shimadzu ASI-5000 A was used. The processing of the data was carried out 
using the TOC-link software of Shimadzu. The measurement range was 0.1 - 50 mg/1 
C. An extension of the measurement range is possible by the dilution of the water 
samples.
3.1.3.4 Calcium
From the first to the 634th day of the field investigations the determination of the Ca2+ 
- ions was carried out by means of an ICP / OES (inductively coupled plasma optical 
emission spectrometry) according to DIN 38 406 E-22 (NORMENAUSSCHUSS 
W a ss e r w e s e n  1997). After nebulisation and excitation the emission of the excited 
elements was measured at their specific wave length using a monochromator and a 
photomultiplier. The instrument used for the determination (Plasma 2, Perkin Elmer) 
was equipped with a monochromator with a 1800 line/mm grating and a wave length 
range from 160-800 nm. The linear work range for the determination of calcium was
0.5 to 500 mg/1, the standard concentration was 200 mg/1. A two point calibration 
was used for the quantification. The measurement was carried out at a second wave 
length for the verification of the results. The samples were collected in LDPE-flasks 
(125 ml) and stabilised with nitric acid (2 ml/100 ml).
Table 3.1.3 Operating Conditions and Parameter for the Determination of Calcium
element calcium calcium
nebulizer cross-flow cross-flow
wave length 315.887 nm 422.673 nm
viewing height 12 mm 12 mm
standard concentration 200 mg/1 Ca 200 mg/1 Ca
survey window 0.080 nm 0.080 nm
peak window 0.030 nm 0.030 nm
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operational parameter value
rf-power 1260W
argon nebulizer gas 0.9 L/min
argon auxiliary gas 0.5 L/min
argon plasma gas 15 L/min
sample flow rate 1 mL/min
3.1.3.5 Sodium and Potassium
The sodium and potassium concentrations were determined using the method 
described in chapter 3.1.3.4. The operating conditions are listed in table 3.1.4.
Table 3.1.4 Operating Conditions and Parameters for the Determination of Sodium 
and Potassium
element sodium
■
potassium
nebulizer cross-flow cross-flow
wave length 589.592 nm 766.490nm
viewing height 25 mm 25 mm
standard concentration 10 mg/1 Na/K 10 mg/1 Na/K
survey window- 0.100 nm 0.100 nm
peak window 0.030 nm 0.030 nm
opn*stioM] parameter » * »
rf-power 1200W
argon nebulizer gas 1.4 L/min
argon auxiliary gas 0.5 L/min
argon plasma gas 15 L/min
sample flow rate 1 mL/min
3.1.3.6 pH-CaCO}, ApH, Calcite precipitation
The pH-value at calicum carbonate saturation (pH-CaCO^) was used to evaluate the 
scale-forming or scale-dissolving tendencies of the water. Waters saturated with 
respect to CaC03 tends to precipitate calcite. Water unsaturated with CaC03 tends to 
dissolve calcite.
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The pH-value at CaC03 - saturation was determined according to the DIN 38 404-10 
(N o r m e n a u s s c h u s s  W a s s e r w e s e n  1997) where the pH-value was determined by a 
calculation method. The difference of the measured pH-value in the water sample and 
the pH-value at calcium carbonate saturation is defined as the ApH-value. From this 
values the Calcite precipitation was calculated.
3.1.3.7 Acid-Capacity
The acid capacity of the water is a quantitative capacity to react with a strong acid to 
a designated pH-value of pH -  4.3 (Ks 4.3) according to DIN 83409 H 7-1-2 
(N o r m e n a u s s c h u s s  W a s s e r w e s e n  1997). For this purpose, the volume of 
hydrochloric acid (c(HCl) = 0.1 mol/1) required to titrate a portion of 100 ml of the 
water sample to a pH-value of 4.3 was determined. For the determination of Ks 4.3 the 
water sample was stirred with a magnetic stirrer when HC1 was titrated. The pH-value 
was determined by an electrode method. The result was reported in mmol/1.
3.1.3.8 Base-Capacity
The base capacity of the water is the quantitative capacity to react with NaOH to a 
designated pH-value of pH = 8.2 (KB 8.2) according to DIN 83409 H 7-1-1 
(N o r m e n a u s s c h u s s  W a s s e r w e s e n  1997). For this purpose, the volume of NaOH 
(c(NaOH) = 0.1 mol/1) required to titrate a portion of 100 ml of the water sample to a 
pH-value of 8.2 was determined. For the determination of KB 8.2 the water sample was 
stirred with a magnetic stirrer when a solution of NaOH was added. The pH-value 
was determined by an electrode method. The result was reported in mmol/1.
3.1.4 Biofilm Removal from the Slides used in the Batch- and Reactor 
Experiments
For the quantification of the biomass on the slides the biofilm was removed with a 
sponge rubbing in different directions to reach also crevices and depressions in the 
coal-tar coating. After this procedure the sponge was washed with 25 ml of sterile 
filtered and autoclaved water. The sample was homogenised in a Vortex (Bender & 
Hobein, Karlsruhe) at the highest intensity for 5 minutes. The number of cells were 
determined using this suspension. The area of the slide which was treated with this 
method was 35 cm2 which resulted in a calculation factor for the determination of the 
cells/cm2 of 0.71 cm2/ml. All devices were sterilised at 121 °C for 20 minutes. The 
microbiological examination of the coal-tar coated slides was carried out by Ulrich 
Lucas (Lu c a s  1997).
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3.1.5 Microbiological Parameters Determined in the Water and in the Cell 
Suspension from the Slides
3.1.5.1 Heterotrophic Plate Count (HPC)
The heterotrophic plate count was carried out according to Appendix 1 of the 
German Drinking Water Quality Act (T r in k w a s s e r v e r o r d n u n g  1990). Using this 
method the number of colony forming units (cfu) on a high nutrient solid medium at a 
temperature of 20 °C ± 2°C and 36 °C ±2 °C after 44 ± 4 hours was determined.
The water samples were taken using antiseptic technique in sterile glass flasks of 250 
ml volume. Four times 1 ml of the sample was filled into four petri dishes where 10 ml 
of an agar with a temperature of 46±2 °C was mixed with the water of each petri dish 
(pour plate method). This agar was produced from 40 g DEV-nutrient agar (Merck, 
Darmstadt, Germany, no. 1147) which was dissolved in 1 litre deionised water where 
the pH-value was adjusted to 7.3±Gtwith NaOH (Merck 1.09956.0001) or 
hydrochloric acid (Merck 1.09970.0001). Two at the time these samples were 
incubated at 20 °C and for 36 °C for 44±4 hours. The count of the colonies of the 
samples was carried out under 6- to 8-times magnification. A dilution of the samples 
was required if the HPC was >300 germs per millilitre.
The autoclave used for the sterilisation of the agar was a Webeco Autoclave, type B, 
and an incubator for 20°C from Kottermann, type 2037, and for 36 °C from 
Memmert, type BE 500.
3.1.5.2 Heterotrophic Plate Count (HPC) on R2A-Agar
For the determination of heterotrophic bacteria growing on a low nutrient medium the 
HPC on R2A agar were determined. The examination using this low nutrient agar was 
proposed by R e a s o n e r  &  G e l d r e ic h  (1985). The composition of the R2A-agar is 
shown in table 3.1.5.
The HPC was carried out using three parallel determinations in 5* 10-fold dilutions. A 
volume of 10 ml of the medium (45 °C) was mixed with 1 ml of the water sample in 
sterile petri dishes (Greiner Messtechnik) and incubated at a temperature of 20 °C for 
7 days. The colony count was determined at 6-8 times magnification.
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Table 3.1.5 Composition of R2A-agar (Difco 1826-17-1) 18.2 g in 1 1 demineralised 
water
(autoclaved at 121 °C for 20 min)
3.1.5.3 Total Cell Number
With the total cell number the determination of the total number of viable and non- 
viable cells was done by using an epifluorescence technique following a proposal of 
H o b b ie  et. al. (1977). A defined volume of the water sample was filtered through a 
polycarbonate filter ( 0  = 25 mm, 0.4 pm, Infiltec GmbH). The bacteria on this filter 
were stained with 2-3 ml acridine orange (0.1 g/1) in phosphate buffer pH 6.88, 
Merck, Darmstadt, Germany, no. 1333) for 3 minutes. The filter was dried at room 
temperature before it was embedded in a non-fluorescent immersion oil (DIN 58884, 
Leitz, Wetzlar, Germany). These filters were counted using a microscope (Leitz 
filterblock-T2/3, Wetzlar, Germany) with an immersion oil objective (PL APO 
63/1.40, Leitz, Wetzlar, Germany). For each sample 10 definite areas were counted. If 
the cells showed a constant distribution on the filter the count could be carried out 
using an automatic counter (Artek Counter, model 982, Miinchen, Germany). The 
water samples were stored at 4°C after fixation with sterile filtered formaldehyde 
before the examination. The sample volume required for determination of the total cell 
number varied from 1 to 15 ml.
For the determination of the total cell number the following equation was used:
Yeast Extract 
Proteose Peptone No. 3 
Casamino acids 
Dextrose 
Soluble Starch 
Sodium Pyruvate 
Potassium Phosphate Dibasic 
Magnesium Sulfate 
Agar
0.5 g 
0.5 g 
0.5 g 
0.5 g 
0.5 g 
0.3 g 
0.3 g 
0.05 g 
I5 g
GZZ/mL =
GZZ -  total cell number (1/ml) 
x  = mean value of the number of bacteria of 10 counts 
F  = filter factor = filterable area / counted area 
V — filtered Volume (ml)
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Previous investigations carried out by WERNER (1982) showed that the results 
achieved with this method are reproducible and a homogenous distribution of the 
bacteria was achieved using the sample preparation method described above
3.1.5.4 Total Number of Heterotrophic Bacteria (MPN)
The determination of the total number of the heterotrophic bacteria is based on the 
most probable number method (MPN) after (De Man 1975, Clarke & Owens 1983) 
in sterile microtiter plates (Nunclon Delta, Nunc, Denmark). The examination was 
carried out in 8-10-fold dilution steps and 5 parallel determinations in a high nutrient 
beef-extract medium (table 3.1.6) after an incubation time of 7 days at a temperature 
of 20°C. The parameter determined is the occurrence of a turbidity in the wells of the 
microtiter plate. The number of positive reactions in turbidity can be transformed into 
the number of heterotrophic bacteria using table values An example is shown in 
figure 3.1.1
Table 3.1.6 Composition of the Media used for the Determination of the Number of 
Heterotrophic Bacteria (in 1 1 demineralised water.)
beef extract (Merck 3979) 10 g
peptone from meat (Merck 1.07214) 10 g
NaCl 3 g
Figure 3.1.1 Microtiter Plate After An Incubation Time of 7 Days
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3.1.5.5 PAH-dcgrading Bacteria (MPN)
The number of PAH degrading bacteria was determined after St ie b e r  et. al. (1994) 
with a 96-well microplate, in which the desired PAHs are available as a sole carbon 
source in a liquid mineral salt medium (MSM). The ingredients are shown in table 
3.1.7.
In these microplates, the walls and bottoms of the wells are covered with PAHs (table 
3.1.8) dissolved in pentane (Promochem, Wesel, Germany) and n-propanol (Merck, 
Darmstadt, Germany) in a ratio of 1:2. The elimination of the solvent was carried out 
under vacuum. The bacteria which degrade the PAHs cause a colouring of the MSM 
which allows the evaluation of the cell titre by the determination of the most probable 
number after an incubation time of 14 days at a temperature of 20 °C.
Table 3.1.7 Mineral Salt Medium (MSM) after LOCKHEAD & CHASE (1973)
I. Mineral Salts Tin 1 1 demineralised water!
K2HP04 
KH2P 04 
NH4NO3 
NaCl
MgS04 * 7 H20  
CaCl2 * 2 H20  
FeCl3 * 6 H20  
trace element solution (II.)
II. trace element solution (in 11 demineralised water!
EDTA-sodium salt 500 mg
ZnS04 • 7 H20 10 mg
FeS03 * 7 H20 200 mg
MnCl2 • 4 H20 3 mg
h 3b o 4 30 mg
CoC12 • 6 H20 20 mg
CuS04 • 2 H20 10 mg
NiCl2 • 6 H20 6 mg
NaMo04 * 2 H20 3 mg
0.80 g 
0.20 g 
1.00 g 
0.10 g 
0.20 g 
0.10g 
0.01 g
1 ml
The mineral salt solution was autoclaved at 121 °C for 20 min.
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Table 3.1.8 Test Kits GI and GII Sensitive for PAH Degrading Bacteria
PAH-assav GI Tin 100 ml pentane/propanoD
Naphthalene 
1 -Methylnaphthalene 
2-Methylnaphthalene 
Acenaphthylene 
Acenaphthene
PAK-assav GII rin 100 ml pentane/propanoB
Phenanthrene 
Fluoranthene 
Fluorene 
Pyrene
Benz(a)anthracene
3.1.6 Microscopical Analyses of the Slides
3.1.6.1 Epifluorescence Microscopy of Biofilm on the Slides
In addition to the determination of the microbiological parameters of the water 
samples and the cell suspension removed from the coal-tar coated slides the 
colonisation of these slides used in the experiments described in chapter 3.3 and 4.3 
was investigated by epifluorescence microscopy. After the slides were removed from 
the water tank they were treated with acridine orange (0.1 g/1 Merck, Darmstadt, 
Germany) as described in chapter 3.1.5.3. After a reaction time of 15 minutes the dye 
was removed with a tissue and the samples were dried in the darkness. For the 
examination with the epifluorescence microscopy immersion oil had to be added on 
the coal-tar surface. The dry sample had to be examined within 10 minutes because of 
the dissolving effect of the immersion oil (Leitz, Wetzlar, Germany) which resulted in 
a considerable self-fluorescence. This effect was not avoidable. Therefore a method 
was applied where photographs of ten areas of the slide were made. Knowing the 
dimensions of the areas as well as the magnification of the objective and the colour 
print an evaluation of the photographs was possible. It should be noted that, at the 
end of the investigations the biofilm exhibited a multilayered system whereas the
200 mg 
200 mg 
200 mg 
200 mg 
200 mg
200 mg 
200 mg 
200 mg 
200 mg 
200 mg
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depth of focus reached only one layer. The evaluation of the photographs was made \ 
using the following calculation:
Xtotal number o f cells =  —
A
total number of cells (1/cm2)
x  = mean value of the cell count of 10 photographs
A = dimension of the area counted according to table 3.1.5 (cm2)
A Leitz Orthoplan with UV-light-excitation, filterblock T2/3, and a microscope 
camera Orthomat W (Leitz, Wetzlar, Germany) with a Kodak Ektachrome 160 T, 
colour slide film was used for the examinations. The magnification was calculated 
from the magnification of the objective, the settings of the ocular of the camera and 
the tube factor. If paper prints were used the magnification of the prints itself had to 
be considered. The parameters for the examination are listed below:
objectives: PL APO 16/0.40
NPL 40/0.65 
PL APO 63/1.40 Oel 
PL APO 100/1.32 Oel
setting of the occular of the camera: 3.2:1 
tube factor: 1.25
magnification of prints: 4.16 (for paper prints, format 10x15 cm)
Table 3.1.9 Total Magnification of Paper Prints 10 x 15 cm
/magnification objective total magnification - 7?' IcmrcpresentsV
16 x 265 : 1 38 |im
40 x 665 : 1 15 am
63 x 1050 : 1 10 |im
100 x 1665 : 1 6 am
The size of the area represented by the photograph was calculated by 11.2 divided by 
the magnification of the objective. This resulted in the following areas which were 
observed with that method:
Table 3.1.10 Area Investigated Using the Following Magnification of the Objective
magnification objective fcnPl - ■' i ' 'i
16 x 2.26 x 10-3
40 x 3.62 x 10-4
63 x 1.46 xlO -4
100 x 5.79 x 10‘5
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3.1.6.2 Scanning Electron Microscopy (SEM)
The scanning electron micrographs of the colonised coal-tar surface of the slides 
investigated in chapter 4.3 were made at the Laboratory for Electron Microscopy 
(Laboratorium fur Elektronenmikroskopie) of the University of Karlsruhe, Karlsruhe, 
Germany. The device was a Cambridge Scientific Instruments, model S4-10, 
accelerating voltage 30 kV. After the slides were removed from the water tank the 
samples (size lx l cm) were covered with a 1%-glutardialdehyde solution (produced 
from a 25% glutardialdehyde solution (Fluka 49 626) diluted in a phosphate buffer) 
for sample preparation. This was repeated after 2 hours using a 3%- glutardialdehyde 
solution. In the next step the samples were washed three times with sterile filtered 
demineralised water for 5 minutes and dried in an deskcator for 24 hours with silica 
gel.
At the Laboratory for Electron Microscopy of the University of Karlsruhe the samples 
were coated with a gold layer of about 20 nm by cation bombardment before 
examination with the device described above.
3.1.7 Analysis of the Encrustation and the Particles
The determinations of the following parameters were carried out at the laboratories of 
the DVGW-Technologiezentrum Wasser Karlsruhe (TZW), Karlsruhe, Germany.
3.1.7.1 Sample Digestion of the Encrustation
The sample of the rust-layer was removed with a scalpel from the internal surface of 
the pipes. For sample preparation according to DIN 38 414 S-7 (Normenausschuss 
Wasserwesen 1997) the sample was dried and homogenised in a mortar. A portion 
of 0.5 g of the dried and homogenised sample was digested in a microwave oven with 
demineralised water where 3 ml of hydrochloric acid and 1 ml of nit ric acid was 
added. The operational conditions of the microwave oven are described in table 
3.1.11.
Table 3.1.11 Parameters for the Microwave Digestion
. . . .  1 ■ 2 v
power (%) 80 0
temperature (°C) 175 100
time (min) 20 20
p-range (°C) 20 5
After digestion the sample was filtered and diluted to 50 ml before the analysis.
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3.1.7.2 Determination of Calcium, Magnesium, Iron, Manganese and 
Aluminium in the Encrustation
The determination of the elements calcium, magnesium, iron, manganese and 
aluminium was carried out by means of an ICP/OES (inductively coupled plasma 
optical emission spectroscopy) according to DIN 38 406 E 22. The sample 
preparation is described in chapter 3.1.7.1, the details of the determination using 
ICP/OES are summarised in chapter 3.1.3.4 and table 3.1.12.
Table 3.1.12 Operating Conditions for the Determination of the Elements in the 
Encrustation
element calcium magnesium { iron manganese aluminium
wave length 315.887nm 279.079 nm 373.487 nm 257.610 nm 766.490nm
linear working range 5 - 500 mg/1 1 - 100 mg/1 1 - 100 mg/1 0 .1 -1 0  mg/1 1 - 100 mg/1
standard
concentration
500 mg/1 100 mg/1 100 mg/1 10 mg/1 100 mg/1
operational parameter value
rf-power 1260W
argon nebulizer gas 0.9 l/min
argon auxiliary gas 0.5 l/min
argon plasma gas 15 l/min
sample flow rate 1 ml/min
3.1.7.3 PAHs in the Rust-Layer
For the determination of the PAHs in the rust-layer 5 g ±0.01 g of the dried sample 
was weighed.into a watch-glass with a volume of 20 ml. In the next step 20 ml 
acetonitrile was added. The mixture was agitated in the sealed vessel until all 
sediments were floated. For extraction the sample was treated in an ultrasonic bath for 
2 hours. For the acceleration of the sedimentation centrifugation was applied.
The determination of the PAHs was carried out as described in chapter 3.1.31.
3.1.7.4 X-Ray Fluorescence Analysis
The investigation of the major inorganic compounds of the encrustation was carried 
out at the Technologiezentrum Wasser Karlsruhe (TZW), Dept, for Corrosion 
Research, Karlsruhe.
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The determination was made with a Siemens SRS 200 X-ray fluorescence analyse.
3.1.7.5 Diffraction Analysis
The investigation of the mineralogical composition of the encrustation was carried out 
at the Technologiezentrum Wasser Karlsruhe (TZW), Dept, for Corrosion Research, 
Karlsruhe.
The determination was made by a Siemens D 500 diffractometer at a wave length of 
X = 179021 nm. The x-ray lamp was operated with a voltage of 30 kV and an 
amperage of 3 0 mA.
3.1.8 Analysis of the Coal-Tar
The analysis of coal-tar was carried out at the DVGW-Research Institute at the 
Engler-Bunte-Institute of the University of Karlsruhe, Karlsruhe, Germany.
3.1.8.1 Polycyclic Aromatic Hydrocarbons (PAHs)
The homogenised coal-tar material (50 g) which was scraped from the water pipes 
was extracted with a mixture of 250 ml acetone and cyclohexane in a ratio of 1:1 for 
30 minutes at room temperature^ Acetone was removed by shaking with water, the 
cyclohexane was dried using ^ socfium sulfate. After filtration of the extract the 
determination was carried out using HPLC-technique a HP 1090 with Diode Array 
Detector and FLD.
3.1.9 Biofilm Analysis of the Pipes
The biofilm analysis of the pipes was carried out at the Institute of Water Chemistry 
and Water Technology (IWW) GmbH, an institute of the Gerhard-Merckator 
University of Duisburg, Mulheim an der Ruhr, Germany.
3.1.9.1 Heterotrophic Plate Count (HPC)
The encrustation was removed from the internal surface of the pipes with a sterile 
scalpel. The samples were mixed with sterile water and sterile quartz sand (grain size 
1 mm) according to a method of ScHAULE &  Fl e m m in g  (1997) and homogenised 
using a Vortex at 2000 rpm for 60 seconds. After sedimentation the supernatant was 
analysed using deionised water in different dilutions up to 1:1000. From every dilution 
two parallel determinations were carried out using 0.1 ml sample on R2A agar (Difco,
18.2 g/1) which was applied on the agar using a Drigalski-spatula. The plates were 
dried at room temperature and stored in the incubator at 20°C for 7 days. After that
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time the colonies were counted using a 6-8 fold magnification with a stereo 
microscope. Only those plates were counted which showed more than 10 and less 
than 300 colonies per plate. The results were recorded in colony forming units (CFU) 
per milliliter of water sample.
3.1.9.2 Scanning Electron Microscopy (SEM)
The SEMs of encrustations were made at the Max-Planck Institute for Material 
Research, Stuttgart, Germany, in association with the IWW Miilheim.
The encrustation removed from the pipes was incubated with alcian blue (15%) and 
2% glutaraldehyde for one night. After aspiration of the sample, dehydration using 
ethanol (15 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90% and 100 %) was carried 
out. In the next step the samples were treated with Peldri II (Ted Pella), a compound 
which causes a minimum of surface tension during the dehydratation of the samples. 
The application of Peldri II as a sublimation technique for dehydration on biofilm 
samples was proposed by GRIEBE et. al. (1996). The samples were coated with a layer 
of gold using a cation bombardment method before the SEM micrographs were taken 
using a JOEL 6400 / JSM with a JXA microprobe.
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3.2 Field Investigations
3.2.1 Description of the Study Area
For the verification of the observations made during the monitoring programme 
carried out in Karlsruhe, Germany (Maier 1996) and for the detailed study of the 
effect of disinfection on the drinking water distributed through coal-tarred water 
mains, the field investigations were carried out comprising five experiments in a 
water supply zone which showed continuously elevated PAH concentrations during 
the monitoring programme. The water pressure zone no. 22 (figure 1.2.1) provided 
the possibility of changing the water sources fed into the system from chlorinated 
water (water A) to a water, which needs no disinfection. The effects of the use of 
different disinfectants such as chlorine and chlorine dioxide were studied.
In the water supply zone no. 22, water was distributed to 1,994 customers in the year 
1996. The water demand varied between 92,300 m 3/a and 144,200 m3/a in the last ten 
years. The study area represents a residential area without any industrial water 
demand. Therefore a constant regime of water demand could be expected without 
times of extremely high flow velocities. The length of the water mains is about 12.2 
km of which 45 % were laid prior to 1972. Therefore approximately half of the length 
of the water pipes have a corrosion protection lining consisting of coal-tar material.
The water quality of the water A and B is very similar regarding the inorganic 
constituents. The water is abstracted from a chalk aquifer and exhibits a good 
tendency for the formation of a corrosion protection layer with a positive saturation 
index. The organic composition was also comparable with a difference in the 
occurrence of trihalomethanes due to the chlorination of water A, which was 
distributed in that area over the last 50 years. A summary of the water qualities of 
water A and B is given in appendix no. 5.
3.2.2 Modes of Operation of the Water Supply During the Field 
Investigations
The investigations were carried out using both, different chlorinating agents (chlorine 
and chlorine dioxide) and different chlorination dosages comprising five experiments 
consisting of 15 phases. Table 3.2.1 shows the duration and the dosage of the 
disinfectant for these examinations.
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3.2.2.1 Experiment 1: Cessation of Chlorination (Phases 1, 2a)
In the second phase, the raw water source was changed from water A to water B and 
the continuous disinfection with chlorine was ceased. Non-chlorinated water was 
distributed for 150 days.
3.2.2.2 Experiment 2: Disinfection Period with Chlorine (Phases 2b, 3, 4a)
The effect of the disinfection with chlorine was studied by a break of the chlorine-free 
conditions for 17 days. During that time the water was disinfected with the maximum 
free residual chlorine of 0.3 mg/1 (TRINKWASSERVERORDNUNG 1990). The chlorine 
was produced with a 12 % solution of sodium hypochlorite (Roth, Karlsruhe, 
Germany, no. 9062.1) by dosage in the effluent of the water reservoir.
Table 3.2.1 Modes of Operation During the Field Investigations
experiment
.....  ...
phase
no.
duration
days
disinfectant raw water
source
1 1 80 chlorine 0.14 A
150 none 0 B
2
2 b
3 17 chlorine 0.3 B
4 a 131 none 0 B
3
4 b
5 11 chlorine dioxide 0.4 B
6 a 60 none 0 B
4
6 b
7 69 chlorine 0.12 A
8 70 chlorine 0.06 A
9 59 chlorine 0.04 A
10 52 chlorine 0.025 A
i l  a 53 none 0 A
5
11 b
12 50 chlorine 0.025 A
13 74 chlorine 0.04 A
14 370 chlorine 0.14 A
15 34 none 0 B
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3.2.2.3 Experiment 3: Disinfection with Chlorine Dioxide (Phases 4b, 5, 6a)
After a further period of chlorine free conditions chlorine dioxide as a chlorinating 
agent was used with the maximum value of free chlorine of 0.4 mg/I as prescribed in 
the Drinking Water Act for 11 days (T rin k w asserv ero rd n u n g  1990). The chlorine dtoxidle 
was produced using hydrochloric acid solution (Dr. Wieland, Karlsruhe, Germany) 
and sodium hypochlorite (Roth, Karlsruhe, Germany). The investigation period 
conducted with chlorine -free conditions w qs 60 days.
3.2.2.4 Experiment 4: Stepwise Reduction of the Disinfectant (Phases 6b, 7, 
8 ,9 ,1 0 ,1 1 a )
After the two disinfection periods the normal operational conditions returned 
(chlorinated water A) and the effect of the stepwise reduction of the chlorinating 
agent was investigated. The chlorine was produced as described in chapter 3.2.2.2.
Five steps were used where the concentrations of free residual chlorine ranged 
between 0.12 mg/1 and zero. The steps of decrease are shown in table 3.2.1.
3.2.2.5 Experiment 5: Stepwise Increase of the Disinfectant and Control 
Period (Phases l ib ,  12, 13, 14, 15)
After the chlorine free conditions the effect of a stepwise increase of the disinfectant 
from zero to 0.14 mg/1 free residual chlorine using four steps was studied. The 
chlorinating agent was produced as shown in chapter 3.2.2.2.
To prove if the effect of the disinfection on the occurrence of the PAHs is repeatable, 
a cessation of the disinfection with chlorine after a period of 370 days of normal 
operational conditions with a supply of water B was earned out. After that the water 
was changed from water quality A to B (see chapter 3.2.2.1).
3.2.3 Water Sampling
3.2.3.1 Hydrant Sampling
For the estimation of the level of PAHs in the different sections of the distribution 
system water samples were collected using a hydrant. The results indicated, that due 
to the disturbance of the hydraulic regime during the flushing of the water pipes PAHs 
were present in many water sample collected. Different results were achieved using 
the same hydrant. Elevated PAH concentrations could be found in the first water 
samples as well as after flushing the pipes. No systematic occurrence of the PAHs 
could be found. The comparison with reference samples taken at one customer’s tap
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during the monitoring programme (chapter 1.2) showed, that the results from the tap 
samples were not comparable to the results achieved from the hydrants. The results 
form the hydrants showed extremely high PAH concentrations whereas at the 
customer’s taps either PAHs were not detectable or showed only slight elevated 
values without failing PAH standards.
Table 3.2.2 Comparison of the Results of the Water Samples Collected at the 
Hydrants and the Customer’s Taps
Sample No. Hydrant 
13 EPA-PAHs fns/11
Customer's Tap 
13 EPA-PAHs fng/U
1 721 nd *
2 112 nd ’
3 1135 nd *
* nd = not detectable, detection limit 10 ng/1
Due to the responsibility of the water works for the water quality at the customers 
taps hydrant sampling was rejected for the following studies and samples were taken 
only at the customer’s tap.
3.2.3.2 Tap Water Sampling
All the tap water samples were taken from a customer in a part of the distribution 
system where the pipes were predominantly protected against corrosion with coal tar. 
Physico-chemical analyses were made at the sampling site, the PAH concentrations 
were examined using HPLC in the laboratory.
The tap is located at a connecting pipe to a water main of 200 mm which represents 
the trunk main in the study area. Therefore a continuous flow regime without 
extensive stagnation periods, except during the late night-time, could be expected. All 
water samples were taken at the same time during the day to guarantee comparable 
hydraulic conditions. The supply situation was unchanged during the study time, 
because a constant number of persons collected their drinking water from the 
plumbing network following the sampling tap. The tap was situated after the water 
meter in the plumbing network. An influence of the plumbing network can be 
excluded because it was the first tap approximately 10 m after the connecting pipe get 
into the house.
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3.3 Experiments on the Pipe Rig
3.3.1 Design of the Pipe Rig
3.3.1.1 Selection of the Pipe Line Sections
The results achieved during the field investigations should be verified under steady 
state flow conditions at an experimental pipe rig (figure 3 .3 .1) built with coal-tar lined 
pipes. The pipe rig consisted of three pipe line sections with a length of approximately 
10 meters each. In order to study the differences which were caused from a different 
history of the pipes, three pipe line sections were installed in the system.
Figure 3.3.1 General View of the Pipe Rig
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First section:
The pipes of the first section were obtained ffom the area where the monitoring 
programme was carried out (figure 1.2 .1) and where no chlorination of the water was 
present during recent decades. Due to the water quality distributed through these 
pipes (water B, appendix 5) and presumably due to low flow conditions a thick 
formation of a CaC03-rust layer complex was present on the internal coal-tar lining. 
These cast-iron pipes had a diameter of 100 mm and were in operation from the early 
sixties until 1995. An interior view is given in figure 3.3.2.
Figure 3.3.2 Interior View on the Internal Coating of the Pipes of Section 1 showing 
CaC03 - Rust-Layer and Tubercles
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Second section:
The pipes installed for this section were dismantled from the water distribution system 
which was used for the field investigations. Therefore, the water which was 
distributed through these pipes was continuously chlorinated during the entire time of 
its operation. The water quality was represented by a hard groundwater that had 
formed a thin encrustation on the internal surface compared to section 1 (water A,
appendix 5). The internal surface is shown in fig. 3.3.3. The cast-iron pipes had a
diameter of 100 mm and were in operation from 1963 to 1995.
Figure 3.3.3 Interior View of the Internal Coating of the Pipes of Section 2
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Third, section:
The third section of water pipes were in storage since the year of their production in 
1968. The pipes were not in operation during this time. The internal surface of the 
coal tar coating was relatively undamaged and had only slight spots of corrosion from 
the atmospheric humidity. This pipes were used as a reference for "new" pipes to 
compare, whether there is a difference in the depletion of PAHs during the time of 
operation. The pipes were made of cast iron and had a diameter of 150 mm (figure 
3.3.4).
Figure 3.3.4 Interior View of the Internal Coating of the Pipes of Section 3
3.3.1.2 Operation of the Pipe Rig
The pipe rig was operated with water without disinfectants (water B). Both, the raw 
water and the distributed water was free of PAHs, volatile hydrocarbons or 
trihalomethanes. Organic contaminants were not detectable. The water exhibits a 
positive saturation index with a strong tendency for the formation of a CaCO?-rust 
layer. Heavy metals were in the range of the background concentrations. The water 
quality is shown in appendix 5.
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The water fed into the pipe rig was obtained directly from a trunk main at the 
waterworks. This main was continuously flowing during the day- and night-time, 
stagnation periods were not expected. Water was taken directly from the connected 
pipe to the building where the pipe rig was operated. The water was fed into a loop 
manifold with approximately 5 bar in order to guarantee equal supply to each water 
pipe integrated into each section of the pipe rig. After the inlet of the water into the 
loop a dosage point Ml for the application of different additives such as disinfectants 
and further substances which should studied, was installed. The flow velocity was 
controlled by ordinary water meters and adjusted with high sensitive water valve.
The pipe rig was equipped with ten sample points consisting of a 19 mm water stop­
cocks. Four of them were selected for periodic water sampling. The control sample 
point (MO) was installed before the water passed the loop. A further three samples 
(M4, M7, M10) could be taken after the water had travelled through the coal-tar 
pipes. The pipe rig was completed with different pumping stations for the dosage of 
the different additives and a neutralisation equipment at the inlet to the waste water 
pipe.
Figure 3.3.5 Schematic Diagram of the Pipe Rig
Inflow
Legend:
not chlorinated. 1968 
chlorinated. 1963 
pipe previously not in operation
dosage of disinfectants 
or corrosion inhibitors Outflow
MxJ sample points 
valves
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3.3.2 Investigations on the Pipe Rig
The pipe rig was operated with different flow velocities and different additives. The 
production of steady state hydraulic conditions gave the possibility to study the effect 
of the changes in the water quality due to the dosage of the following additives shown 
in table 3.1.1.
The following steps have been carried out in this project:
3.3.2.1 Start-up Phase (Phase 1)
During the start-up phase the system was operated without any additives and with a 
flow velocity of 0.1 m/s. During that time it was intended to run the pipe rig with a 
cleaning procedure after the storage time and to expose the internal pipe surfaces 
steady state hydraulic and water chemical conditions.
3.3.2.2 Experiment No. 1: Chlorination Period at a Flow Velocity of 0.1 m/s 
(Phase 2)
The effect of chlorine as a disinfectant on the mobilisation of PAHs from the internal 
lining of the water pipes was studied carrying out chlorination over 29 days. These 
investigations were made during a "high" flow velocity period of 0.1 m/s without 
stagnation periods. Chlorine was produced from sodium-hypochlorite and was used at 
a concentration of 0.3 mg/1 free residual chlorine, the maximum concentration of the 
German Drinking Water Act (TRINKWASSERVERORDNUNG 1990).
3.3.2.3 Experiment No. 2: Long-Term Stagnation of Chlorinated Water 
(Phases 3, 4a)
The influence of quiescent water in chlorinated drinking water distribution systems 
was studied over a period of 34 days. With this experiment the effect of long-term 
stagnation of water in coal-tar lined pipes as it occurs in water practice during 
maintenance procedures was studied. During that time the free residual chlorine 
decayed. As in real distribution systems no dosage of the disinfectant was made to 
stop this process.
3.3.2.4 Experiment No 3: Stepwise Reduction of the Flow Velocity from 0.1 
m/s to 0.002 m/s and Long-Term Stagnation of Non-Chlorinated Water 
(Phases 4b, 5, 6, 7, 8a)
Water pipes which are continuously operated with a flow velocity of 0.1 m/s can only 
be expected in transport mains. The majority of the water service pipes are exposed to
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very slow flow conditions and correspondingly long periods of quiescent water. With 
this experiment the effect of decreasing flow velocity was studied.
Table 3.3.1 Modes of Operation of the Pipe Rig
experiment
no.
phase no. duration
days
flow velocity dotage mg/1
'
1 63 0.1 none 0
1 2 28 0.1 chlorine 0.3
2 3 34 0 none 0
4 a 48 0.1 none 0
3
4 b
5 5 0.01 none 0
6 45 0.002 none 0
7 36 0 none 0
8 a 34 0.01 none 0
4
8 b
9 37 0.01 chlorine 0.3
1<> a 60 0.01 none 0
5
10 b
11 30 0.01 Na2S03 40
12 a 69 0.01 none 0
6
12 b
13 39 0.01 chlorine dioxide 0.4
14 53 0.01 chlorine dioxide 0.2
1? a 28 0.01 none 0
7
15 b
16 22 0.01 chlorine 0.3
17 7 hours 0 chlorine 0.3
18 5 0.01 chlorine 0.3
8 19 1 water hammer none 0
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Table 3.3.1 Modes of Operation of the Pipe Rig (continued)
no.
phase no.
days
flow velocity dosage mg/I
20 3 0.01 chlorine 0.3
9
21 30 0.01 chlorine 1.2
22 1 0.01 none 0
23 4 cutting pipe 
samples
- -
10
24 14 0.01 none 0
25 7 0.01 hydrochloric acid to pH = 5
26 7 0.01 hydrochloric acid to pH = 4
27 21 0.01 hydrochloric acid to pH = 3
28  i) 84 0.01 none 0
11
28 b
29 9 0.01 chloroform 0.9
30 5 0.01 none 0
3.3.2.5 Experiment No. 4: Chlorination Period at a Velocity of 0.01 m/s 
(Phases 8b, 9, 10a)
As in experiment no. 1 the effect of 0.3 mg/1 disinfection with chlorine with the 
exception that lower flow velocity of 0.01 m/s was studied. The boundary conditions 
were the same as in experiment no. 1.
3.3.2.6 Experiment No. 5: Dosage of Sodium Sulfite (Phases 10b, 11, 12a)
According to the hypothesis, that the damage of the biofilm by oxidising substances 
like chlorine is one reason for the occurrence of PAHs in the distributed drinking 
water, the effect of a high oxygen consuming reducing compound like sodium sulfite 
(Na2S03. Merck, Darmstadt, Germany, M= 126.04 g/mol) was studied in this 
experiment. Na2SQ3 was used to remove the free oxygen the bacteria are depending
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on. Due to the life-threatening conditions in the pipes a reduction of the microbial 
activity can be expected. The Na2SC>3 dose was produced from powder dissolved in 
an aqueous solution and added to the pipe rig for 30 days.
3.3.2.7 Experiment No. 6: Dosage of 0.4 mg/1 and 0.2 mg/1 Chlorine Dioxide 
(Phases 12b, 1 3 ,1 4 ,15a)
A further oxidising compound which is very common in water practice for disinfection 
is chlorine dioxide. Therefore the effect of chlorine dioxide was studied in the pipe rig 
at two concentrations: First, the maxim dosage prescribed in the German Drinking 
Water Act of 0.4 mg/1 (T r in k w a s s e r v e r o r d n u n g  1990) and second, half of this 
concentration (0.2 mg/1) as a practical value often achieved in distribution systems. 
The chlorine dioxide was produced from hydrochloric acid and sodium hypochlorite 
(Dr. Wieland, Karlsruhe, Germany)
3.3.2.8 Experiment No. 7: Night Stagnation of Chlorinated Water (Phases 
15b, 16,17, 18)
In order to simulate the effect of a night stagnation of the chlorinated water the pipe 
rig was fed with water which was disinfected with 0.3 mg/1 free residual chlorine. A 
stagnation of the water of 7 hours was carried out and the effect on the PAH 
concentrations were measured.
3.3.2.9 Experiment No. 8: Water Hammer (Phase 19)
The influence of the occurrence of shocks in the water pressure was examined. 
Therefore the water pressure in the pipe rig was reduced and a shockwave was 
produced by opening a valve very quickly. The water pressure could be increased 
immediately to 5 bar and a oscillation of the water pressure could be produced (water 
hammer).
3.3.2.10 Experiment No. 9: High Chlorination and Cutting the Pipes (Phase 
20, 21, 22, 23)
The effect of a chlorination procedure which is comparable to disinfection procedures 
usually carried out after maintenance work at the distribution system was studied. For 
this purpose the chlorine with a free residual of 1.2 mg/1 was added to the pipe rig. 
The chlorine was produced as described in chapter 3.3.2.1.
After 683rd day of operation the pipe rig was dismantled and samples of the pipes 
were taken from every section by cutting 10 cm of the pipes in length (phase 23).
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3.3.2.11 Experiment No. 10: Reduction of the pH-Value (Phases 24, 25, 26, 
27, 28a)
The inhibition of the microbial activity on the internal walls of the pipes was studied 
using hydrochloric acid. It is reported, that an immediate change of the acidity can 
damage bacterial cells. Therefore, in addition to the dosage of oxidising and reducing 
substances the influence of the production of an acid environment was studied. The 
pH was reduced in steps from approximately pH = 7 to pH = 5 for 7 days, to pH = 4 
for 7 days and in a further final step to pH=3 for 21 days.
3.3.2.12 Experiment No. 11: Dosage of Chloroform (Phases 28b, 29, 30)
The occurrence of disinfection by-products as trihalomethanes is linked to the use of 
chlorine in water distribution systems. To investigate whether the dissolving effect of 
solvents, such as THMs from the coal-tar lining of the water pipes has a major or 
minor contribution to the occurrence of PAHs in the distributed water this was 
examined using chloroform (CHC13 purity > 99%, M=119.38 g/mol, D=l,47 g/cm3, 
Roth Karlsruhe, Germany, ) as an additive.
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3.4 Laboratory Experiments on Biofilms using Coal-Tar Coated Slides
3.4.1 Production of Coal-Tar Coated Slides
To test the hypothesis, that a biofilm grown on the coal-tar material in drinking water 
has a protective effect on the leaching out of the PAHs from the lining, stainless steel 
slides were coated with that coal-tar material. These slides were exposed to drinking 
water for the growth of a biofilm. After certain time the leaching out of PAHs was 
determined. These investigations were carried out at the laboratories of the 
Technologiezentrum Wasser Karlsruhe (TZW) by Lucas (1997) under the 
supervision of the author.
3.4.1.1 The Coating Material
The material originally used for corrosion protection of water mains was derived from 
the refinement of coal-tar mostly derived from gasworks. These gasworks mostly 
disappeared in the last two decades and the coal-tar which was obtained as a waste 
product from the distillation process is not available in the same composition as it was 
when these materials were used for corrosion protection by dipping in a cauldron 
(K l e in  1995). The application of this method on drinking water mains ceased in the 
mid 1970s and the devices for the coating process were scraped. A further problem is 
that the coal industry is included in contracts with the further processing industry 
which makes it nearly impossible to receive coal-tar from industry.
The following materials were considered for the application as a coating on stainless 
steel slides:
Material T1 Coal-tar coating scraped off from pipes which where never in use 
Pipes which were stored since the year of their production were available in a 
diameter of 200 mm. These pipes were never in use. The coating material was 
retrieved by scraping off from the cast-iron main. After melting the material it was 
suitable for the application on the slides. The advantage of this material was that the 
composition represents exactly the same material which is usually installed in the 
distribution systems.
Material T2 Raw tar of hard coal
This material was not suitable for the application on the slide because of the presence 
of many low boiling compounds in the product. Preliminary experiments showed that 
due to these lower boiling substances the coating did not dry during the test period. 
Therefore, according to the historical procedure, a further distillation step up to 270 
°C was required to remove the higher volatile compounds from the raiw tar. After the
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distillation of this raw tar the residue was a solid mass in contrast to the raw tar itself 
which was liquid at room temperature
Material T3 Hard-coal hard-pitch
The hard-coal hard-pitch shows a softening point of 80-140 °C and is the only 
product available from the hard-coal industry comparable to the material used for 
corrosion protection. The area of employment is the electricity supply where 
electrodes are coated with that material for insulation.
3.4.1.2 Coating of Stainless Steel Slides
As described in L u c a s  (1990), stainless steel test coupons were selected for the 
biofilm experiments with a size of 175x20 mm and a thickness of 1.5 mm. The coating 
of the slides was made according to the procedure applied to the dipping of water 
mains. Therefore the slides were heated and the materials T1 and T2 were applied on 
the slides using a spatula. The materials T1 and T2 were molten at 100 °C for the 
application. After the cooling process these materials exhibited a solid sticking coating 
with a thickness of 0.2-0.3 mm with a sufficient range of plasticity. These properties 
remained after cooling the material to drinking water temperature of 10°C. 
Temperatures of 140 °C were required for the application of material T3 to the slides. 
The coating which was obtained with this material was so brittle after the drying 
process that it splinters off during the slightest mechanical stress at room temperature 
of approximately 20 °C. Due to the physical properties of that coating, which is not 
comparable with the coal-tar material of the pipes investigated, no experiments were 
carried out with material T3
3.4.2 Growth of a Biofilm on the Slides
The slides coated with the coal-tar materials were inserted in a stainless steel water 
test basin which was continuously operated in order to colonise the surfaces with a 
biofilm. The test basin had a volume of 100 1 and dimensions of 800 mm in length, 
350 mm in width and 400 in height and is shown in figure 3 .4.1.
Figure 3.4.1 Test Basin with Stainless Steel Slides
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The basins were cleansed from residues of the production process using acetone and 
were rinsed with demineralised water. Then a disinfection of the basin was carried out 
using a sodium hypochlorite solution (Roth, Karlsruhe, Germany, no. 9062.1, 12 % 
free residual chlorine). The basins were continuously fed with water B (appendix 5) 
during the whole experiment with a rate of Q = 20 1/h. To achieve comparable 
conditions to the distribution system and to prevent the growth of eg. algae the basins 
were covered with a black blanket. The average water temperature was 13 °C. The 
test basins were supplied with tubes of 8 mm diameter consisting of teflon to prevent 
the release of undesirable organic substances to the water which could be responsible 
for aftergrowth in the basin. Therefore the main carbon source for the supply of 
microorganisms with nutrients was the coal-tar on the slides and the drinking water 
fed into the basin. Stainless steel slides which were not coated were inserted as 
control slides.
3.4.3 Leaching Experiments
The influence of the biofilm on the leaching out of PAHs from the coal-tar coating 
was studied on these slides. The hydraulic regime in distribution systems shows non­
steady state conditions. Two cases of the flow regime were simulated in the 
experiments, stagnation and continuous flow by batch experiments as well as an 
circulating reactor (figure 3.4.3).
3.4.3.1 Batch Experiments
For the batch experiments brown flasks with a volume of 2 1 were used. After running 
the water for 2 minutes the flasks were filled with drinking water (water B, appendix 
5). A slide was inserted into the flask which caused a surface/volume-ratio. A/V =1.75 
m '. The water was stirred on a magnetic stirrer (Variomag Mono) witn a flea (teflon, 
0  4x20 mm) from 30 minutes up to 96 hours depending on the duration of the 
experiment. The experiments were carried out under a constant temperature of 15 °C 
in a fridge. Some experiments were carried out in a water-bath with equipment for 
magnetic stirring which was also held at a temperature of 15 °C (Fritz Grossner 
GmbH). The flasks were closed only with an aluminium foil to avoid a oxygen deficit 
in the flask. The PAH concentration in the water was determined with HPLC 
technique (chapter 3.1.3.1) after removing the test slide from the flask. To prevent 
photooxidation of the PAHs all experiments were carried out in darkness.
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Figure 3.4.2 Equipment for Batch Experiments
3.4.3.2 Reactor Experiments
The reactor experiments were carried out using a circular Reactor (Biosurface, 
Rotating Annular Reactor, Model 920LG, Bozeman, Montana). This system allowed 
the installation of 12 stainless steel slides 175 mm xl7.5 mm in size with a thickness 
of 1.5 mm. The water volume in the reactor was 1.2 1. The slides had a surface of
367.5 cm2 which results in a surface/volume ratio of 30.6 m'1. These slides were 
coated one-side and could be removed without draining the reactor system (figure 
3 .4.4) The reactor was a modified version of the RotoTorque reactor (Characklis 
1990b) where the water flowed through a slit between two concentric cylinders. The 
inside of both cylinders was driven by an electric motor. This cylinder was the holding 
device for the slides. Different flow velocities and. shear forces on the biofilm could 
be adjusted by slower of faster rotation of the inner cylinder. The shear forces were 
independent of the flow rate through the cylinder.
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Figure 3.4.3 Rotating Annular Reactor System
The equipment consisted of a container of polyethylene and the stock water was fed 
into the reactor with a pump (ProMinent, gamma/4) and the reactor itself. The reactor 
was operated with a rotation velocity of 100 rpm and a flow rate of Q = 1.5 1/h
Water samples were taken from the inflow and outflow of the reactor which were 
examined for the microbiological parameters. For the determination of the PAHs in 
the outflow a sample volume of 2 1 was collected and examined as shown in chapter
3.1.3.1.
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Figure 3.4.4 Equipment for the Reactor Experiments
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3.5 Laboratory Experiments on Chlorinated PAHs using SPME/GC-MS
These experiments were carried out to determine the chlorinated derivatives of 
fluoranthene, fluorene, and phenanthrene in a project in collaboration with the 
laboratory of the Technologiezentrum Wasser (TZW) Karlsruhe. The experimental 
work was done by MERKEL under supervision of the author. The results were 
published in MERKEL, M a ier , Sa cher  & M aier  (1997). The named four PAHs were 
predominantly identified in drinking water as it travelled through coal-tar lined pipes 
(Ma ier  1996, M aier  et. al. 1996). In addition to these major compounds the 
behaviour of anthracene as a representative of the tricyclic PAHs was studied. The 
laboratory conditions and the concentrations of the PAHs during the experiments 
were comparable to normal drinking water practice.
3.5.1 Substances used in the Experiments
For the development of the analytical method the chlorinated derivatives obtainable 
from laboratory supply were collected. Whereas some derivatives of anthracene, 
fluorene, and phenanthrene were available, no chlorinated derivatives of fluoranthene 
could be obtained. The substances listed in table 3.5.1 were dissolved in acetone with 
a concentration of lg/1, injected in the GC and the mass spectra were determined 
which were used for the identification of the derivatives during the experiments.
Table 3.5.1 Chlorinated, oxidised and parent-PAHs for the Determination of the 
Mass Spectra
Anthracene 1,4-Dihydroxy anthraquinone Fluoranthene
1 -Chloroanthracene 1,8-Dihydroxy anthraquinone 1
2-Chloroanthracene 2,6-Dthydroxyanthraquinone
9,10-Dichloroanthracene 5,8-Dichloro-l,4-dihydroxyanthraquinone*
Anthraquinone 6,7-Dichloro-l,4-dihydroxy anthra*jumone
1 -Chloroanthraquinone dI0-Anthracene Fluorene
2-Chloroanthraquinone Phenanthrene 2,4,7-T richlorofluorene
1,4-Dichloroanthraquinone 9,10-Phenanthrenquinone 2,4,7-T richloro-9-fluorenone
1,5-Dichloroanthraquinone 9-Hydroxyphenanthrene 9-Fluorenone
1,8-Dichloroanthraquinone Diphene acid 2,7-Dichloro-9-fluorenone
*: In acetone, water and ethanol: non-soluble. Dissolved in ethyl acetate c=0,l g/1.
The compounds which were highlighted in grey are not detectable by GC/MS because 
they remain on the column. Phenanthrenequinone was not detectable with the column 
because of the masking effect of a system-peak. The remainder was used 
for the optimisation of the analytical method.
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3.5.2 Optimisation of the Solid Phase Micro Extraction Method (SPME/GC- 
MS)
The application of the solid phase micro extraction (SPME) as a sample preparation 
method in combination with a gas chromatographic mass spectrometric device 
(GC/MS) was proved to be a reliable method to achieve detection limits in the lower 
nanogramme-per-liter level for PAHs as well as its chlorinated derivatives (M e r k e l  
et. al. 1997). The SPME is a novel, solvent-free preparation method for the 
determination of PAHs in gas and water samples (An s b a c h  1995). This method was 
developed at the Institute of Groundwater Research, University of Waterloo, Ontario, 
Canada (A r t h u r  &  P a w l is z y n  1990, Ar t h u r  et. al. 1992, Z h a n g  et. al. 1994). 
Different applications of the method are documented in the literature (B u c h h o l z  &  
P a w l isz y n  1993, Ch a i et. al. 1993, E ise r t  et. al. 1993, E ise r t  &  Le v s e n  1994, 
E ise r t  &  L e v s e n  1996, Ch e n  &  P a w l is z y n  1995). The principle of this method is 
shown in figure 3.5.1.
Figure 3.5.1 Principle of the Determination of Chlorinated PAHs Using SPME 
(M erkel 1997)
The analytical devices for laboratory practice are supplied by Supelco (Supelco, 
Bellefonte, USA). The organic compounds are directly extracted from a small volume 
of water onto a coated silica fibre which is transferred into the GC-injector where 
thermal desorption of the analytes takes place. In contrast to the conventional
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techniques no enrichment of the analyte from the water followed by a elution by an 
organic compound is necessary.
As described in M e r k e l  et. al. (1997), a gas chromatograph a V a r ia n  GC 3400 in 
combination with a ion trap specrometer manufactured by F in n ig a n  MAT, model ITS 
40 was used. The separation of the different compounds was carried out with a 
chromatographic column RTX5 (30 m * 0.25 mm ' 0.25 pm). The sample preparation 
device with the SPME-method purchased by Su pe l c o  is depicted in figure 3.5.2.
Figure 3.5.2 Sample preparation Device
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3.5.2.1 Selection of the Fibre
The fibre consists of an inert glass fibre material 1 cm in length which is available 
with different coatings. For the determination of the PAHs and their chlorinated 
derivatives polyacrylate (PA) and polydimethylsiloxane (PDMS) coated fibres were 
tested. The polydimethylsiloxane fibre with a diameter of 85 pm showed the best
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intensities and was selected for the experiments. Hydroxyphenanthrene was not 
detectable with either of the fibres.
3.5.2.2 Internal Standard, Extraction Time and Conditioning of the Fibre
For the evaluation of the results all samples were made using dio-anthracetie (C14D10) 
as an internal standard in a concentration of 50 ng/1. This compound facilitates the 
evaluation because of the comparable adsorptive behaviour of anthracene.
The variation of the extraction times showed that an increase in the extraction time 
resulted in an increase in the intensity. Experiments with 100 ng/1 standards and 10 
ng/1 standards and extraction times of 15, 45 and 90 minutes showed, that 60 minutes 
would give the best results in laboratory practice. A further enlargement of the 
extraction time will be unsuitable for laboratory practice.
According to Chen (1995) the conditioning of the fibre was carried out in the GC- 
injector during the night time because the 2 hours conditioning time which was 
recommended by the manufacturer by heating in a oven resulted in unstable 
measurements in subsequent experiments.
3.5.2.3 Calibration of the Method
The conditions for the examinations for the substances listed in table 3.5.2 after the 
optimisation are shown in table 3.5.3. Because of variations in the length of the fibres 
(lcm ± 0.1 cm) and variations in the quality of the coating each fibre had to be 
calibrated.
Table 3.5.2 PAHs, chlorinated and oxidised PAHs used during the experiments
dlo-Anthracene, Int. Std 2-Chloroantliraquinone Fluoranthene
Anthracene 1,4-Dichloroanthraquinone Fluorene
l-> 2-Chloroanthracene 1,5-Dichloroanthraquinone 2,4,7-T richlorofluorene
9,10-Dichloroanthracene 1,8-Dichloroanthraquinone 2,4,7-Trichloro-9-fluorenone
1 -Chloroanthraquinone Phenanthrene 2,7-Dichloro-9-fluorenone
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Table 3.5.3 Sample Preparation Parameters for the Determination of the Parent 
PAHs and the Chlorinated and oxidised PAHs using SPME/GC-MS
fibre 85 nm polyacrvlate coating
extraction time 60 min, stirred
extraction volume 4 ml
• qualitatively
PAHs, chlorinated-PAHs 
oxidised PAHs
internal standard dio-anthracene (CiS=50 ng/1)
300°C (38 min)
4 min splitless 
30 min thermal desorption of 
fibreSK# 40°C, 10°C/min 320°C (10 min)
38 min as total duration
The calibration was carried out using concentrations between 200 and 20 ng/1 in 
aqueous solution. Until each measurement a blank run of the GC-programme and a 
heating up to 320 °C for the cleaning procedure of the column was made.
Table 3.5.4 shows the results for the calibration of 20, 50 , 100, 150 and 200 ng/1. 
The standard deviation was calculated from the measurement of four standard 
solutions at a concentration of 50 ng/1 (signal/noise ratio > 5, peak area > 1000).
Table 3.5.4 Results of the Calibration, Detection Limits
|  slope H
l/ng
interception
■ >r :. . : correlationcoefficient
limit of 
dclcction
 ^ ng/1
standard
fluorene 0.015 0.067 99.38 2 8.5
phenanthrene 0.024 0.173 99.55 1 5.6
anthracene 0.029 0.007 99.36 1 1.6
chloroanthracene 0.017 -0.117 99.89 2 4.9
fluoranthene 0.027 0.121 99.92 1 11.1
2,7-dichloro-9-fluorenone 0.011 -0.051 99.67 5 1.2
2-chloroanthraquinone 0.004 0.043 99.87 5 0.9
1 -chloroanthraquinone 0.004 -0.019 99.85 10 1.2
9,10-dichloroanthracene 0.007 -0.074 99.31 10 2.3
2,4,7-trichlorofluorene 0.005 -0.020 99.55 10 1.2
2,4,7-trichloro-9-fluorenone 0.006 -0.031 99.80 10 2.7
1,4-dichloroanthraquinone 0.002 -0.014 98.99 20 0.7
1,8-dichloroanthraquinone 0.002 -0.015 99.36 20 0.8
1,5-dichloroanthraquinone 0.002 -0.014 99.40 25 1.6
The reproducibility of the method was checked by four successive determinations of a 
standard solution relative to the internal standard (Table 3.5.5). Most of the 
compounds had a standard deviation of 2 %, only four compounds showed a standard
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deviation in the range between 5 and 11%. The accuracy of the method was defined
as 10%.
Table 3.5.5 Reproducibility of the System
ratio
compound run 1 run 2 run 3 ran 4 average St<Ldev
•/«
fluorene 0.894 0.976 0.881 0.769 0.88 8.5
phenanthrene 1.186 1.128 1.22 1.097 1.16 5.6
anthracene 1.219 1.252 1.247 1.227 1.24 1.6
1- und 2-chloroanthracene 1.208 1.116 1.203 1.225 1.19 4.9
fluoranthene 1.062 1.133 1.163 1.325 1.17 11.1
2,7-dichloro-9-fluorenone 0.489 0.505 0.476 0.495 0.49 1.2
2-chloroanthraquinone 0.228 0.211 0.211 0.211 0.22 0.9
1-chloroanthraquinone 0.183 0.162 0.159 0.158 0.17 1.2
9,10-dichloroanthracene 0.124 0.173 0.171 0.165 0.16 2.3
2,4,7-trichlorofIuorene 0.134 0.157 0.16 0.155 0.15 1.2
2,4,7-trichloro-9-
fluorenone
0.199 0.265 0.229 0.23 0.23 2.7
1,4-dichloroanthraquinone 0.093 0.101 0.085 0.087 0.09 0.7
1,8-dichloroanthraquinone 0.099 0.1 0.086 0.104 0.10 0.8
1,5-dichloroanthraquinone 0.108 0.134 0.096 0.12 0.11 1.6
The reaction products were identified by their mass spectrum and their retention time 
on the GC-column. Reaction products that are not listed in table 3 .5.2 were identified 
by their mass spectrum. For these substances no quantification was carried out.
Table 3.5.6 gives an overview of the processing of the SPME/GC-MS in the 
laboratory practice.
Table 3.5.6 Process of the SPME/GC-MS
time /min SPME/ GC-MS fibre 1 fibre 2
0-15 J j p f l
15-30 ■ S f c  ' i t * - | | l ;  j j f e extraction of S i S  j j i  ' w t r  :
30-45 ‘■SS*** ' i l f f  * water sample A g j i i i ' i i g t
45-60
60-75 measuring flbre 1 desorption extraction of
75-90 (water sample A) in the GC-injector water sample B
90-105 heating and cooling
105-120 measuring fibre 2 extraction of desorption
120-135 (water sample B) water sample C in the GC-injector
135-150 heating and cooling
150-165 measuring fibre 1 desorption extraction of
165-180 (water sample C) in the GC-injector water sample D
180-195 heating and cooling
195-210 measuring fibre 2 extraction of desorption
210-225 (water sample D) water sample E in the GC-injector
etc.
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3.5.3 Fluorescence Spectrometric Determination of Anthracene
The concentration of anthracene in experiments with chlorine and chlorine dioxide 
was determined using a PERKIN ELMER fluorescence spectrometer LS 50B. This 
strongly fluorophoric compound was extracted with cyclohexane (5 ml C6Hi2 was 
added to the 500 ml water samples), and the organic extract was measured at an 
excitation wave length of 247 nm and an emission wave length of 496 nm. The device 
had been calibrated between 10 and 200 ng/1 and a correlation coefficient of 99.96% 
could be achieved.
This rapid screening method for the determination of anthracene in aqueous samples 
was applied to the calculation of the kinetic constant for the reaction of anthracene 
with chlorine and chlorine dioxide.
3.5.4 Determination of Chlorine and Chlorine Dioxide
The concentration of the disinfectants was measured iodometrically (stock solutions) 
and photometrically with diethyl-p-phenylenediamine (DPD). The DPD-molecule is 
oxidised at pH 6.5 and changes its colour to red. G ilb er t  (1981) recommended to 
carry out the photometric measurement (Dr. Lange photometer LPW2) in the second 
absorption maximum at 550 nm (figure 3.5.3) The calibration of the DPD-method and 
the preparation of the reagents followed the German standard methods 
(N o r m e n a u s s c h u s s  W a s s e r w e s e n  1997). The iodometric titration method was 
only applied to the determination of the concentration of stock solutions.
Figure 3.5.3 Absorption spectrum of DPD in water (cChiOrme=0.5 mg/1)
wave length /nm
\
The standard deviation of the DPD-determination was below 3 percent.
The chlorine and chlorine dioxide determinations during the PAH - experiments were 
carried out in 50 ml water. The chemicals added during the measurement are listed in 
table 3.5.7.
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Table 3.5.7 Chemicals used during the determination of the disinfectants
buffer
pH 6,5
water bottle 1000 ml
500 ml water, 30.08 g Na2HP04-2 H20 , 46.64 g NaH2P 0 4 H20
0.8 g EDTA (disodiumsalt of the ethylenedinitrilotetra acetic acid with 2 H20,
Titriplex III)
0.02 g HgCl2 to avoid mould and traces of iodide 
Filling up and mixing
DPD-reagent water bottle 1000 ml
250 ml water, 2 ml H2S04 and 0.2 g EDTA (Titriplex III) 
addition of 1.1 g N,N-diethyl-p-phenylendiaminsulfate 
filling up and mixing
The stock solution must be stored in the darkness. If the colour changes the solution 
is unsuitable.
Table 3.5.8 Procedure for the measurement of chlorine and chlorine dioxide
disinfectant procedure
chlorine free residual 
chlorine
buffer pH 6.5, DPD-reagent, measurement
total chlorine buffer pH 6.5, DPD-reagent, lg KI, measurement
chlorine
dioxide
free residual 
chlorine
buffer pH 6.5, DPD-reagent. measurement
chlorine dioxide buffer pH 6.5, DPD-reagent, 4 ml Degussa-chlorine-elimination- 
reagent. measurement
combined
chlorine
buffer pH 6.5, DPD-reagent, 4 ml 12.5% Kl-solution, 
measurement
chlorite sample with 2 ml 5% H2S04 and 4 ml 12.5% Kl-solution, 
reaction for 3 minutes
buffer pH 6.5, DPD-reagent, 10 ml 5% NaHCCb-solution. 
measurement
3.5.5 Experimental Set-Up
The degradation experiments were carried out using bottles with a volume of 5,000 
ml (S c h o tt  D u r a n ) in order to minimise the influence of the bottle’s walls on the 
degradation of chlorine and chlorine dioxide that had been investigated by MAIER & 
MACKLE (1976). The degradation of the disinfectant is often a reliable indicator for 
reactions of chlorine or chlorine dioxide with organic compounds in drinking water. 
For that reason the experiments were carried out in a system that contains no chlorine 
degrading matter such as organic contaminants or DOC.
For this purpose the bottles were rinsed with water and hot diluted acetic acid. The 
PAHs on the walls were desorbed by heat at 160°C and with acetone of analytical 
grade. After rinsing them with water again, they were treated with a one percent 
hypochlorite solution, rinsed once more with demineralised water and finally they
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were dried at room temperature. After filling the cleaned bottles with demineralised 
water (TLOdemin) a phosphate buffer was added to stabilise the pH at 7. Although the 
water for the experiments should have the lowest achievable DOC, the use of 
demineralised water treated with UV-radiation (HkOuv) proved to be not feasible 
because it contained oxidants such as H2O2 or ozone that were capable to oxidising 
chlorine. The loss of chlorine in demineralised water within six hours amounted to 
about 0.05 mg/1 (figure 3.5.4).
Figure 3.5.4 Chlorine Residual Decay in ^Odemin and H2OUV (Initial Concentration 
0.5 mg/1)
duration [h]
In order to lower the concentration of chlorine degrading matter the required amount 
of chlorine or chlorine dioxide was added to the buffered water that was stored for 
24 hours at 10°C in the dark before the experiments started. After this treatment the 
system water/bottle showed no significant degradation of chlorine or chlorine dioxide. 
One day later the concentration of the disinfectant was measured, its loss and the 
PAHs (anthracene, fluoranthene, fluorene and phenanthrene) dissolved in chloroform 
were added. The chloroform had no influence on the degradation of chlorine or 
chlorine dioxide (figure 3.5.5). The experiments started immediately after the addition 
of the PAHs. Samples were taken directly after the dosage, after one, six and 24 
hours. As described in chapter 3.5.2.3 and 3.5.4 the determination of the PAH 
concentration required a sampling volume of 4 ml, whereas 50 ml were needed for the 
DPD-measurements.
\
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Figure 3.5.5 Degradation of Chlorine and Chlorine Dioxide with and without 
Addition of 3 mg/1 Chloroform in H2Odemin at pH 7 and 10°C
0.4
0.3
0.2
0.1
0.0
4-------------- ------------ ♦
—o— ------ o
—o— chlorine 
—a— chlorine dioxide 
—♦ —chloroform and chlorine 
—■—chloroform and chlorine dioxide
_ j z ---------------- 1— :-----------1------------------- 1—
10 15
time /h
20 25
4.1 Field Investigations 134
4 RESULTS
4.1 Field Investigations
4.1.1 Experiment 1: Cessation of Chlorination (Phases 1, 2a - chapter
3.2.2.1)
In order to test the hypothesis that the chlorination has an effect on the mobilisation of 
PAHs from the coal-tar lining of water pipes, the supply with water which was 
chlorinated with a free residual concentration of 0.14 mg/1 Cb was ceased 80 days 
after the beginning of the experiment. During this time water A was distributed 
(appendix 5). The disinfection was operated using chlorine produced from a sodium 
hypochlorite solution.
During the chlorination period elevated PAH concentrations were detected in the tap 
water over a period of 80 days showing an average value of 236 ng/1. The 
concentrations in that phase ranged from 178 ng/1 up to 280 ng/1.
After 80 days the water source was changed to water B from the city of Karlsruhe 
(appendix 5). Therefore water was fed into the distribution system which was not 
chlorinated. As shown in figure 4.1.1 this change led to the disappearance of the PAH 
concentrations in the water after a period of 39 days of continuously decreasing PAH 
concentrations.
Figure 4.1.1 Experiment 1: Decrease of the PAH Concentrations After the Cessation 
of the Chlorination (Phases 1 and 2a)
days
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The PAH profile showed that fluoranthene (17 to 47 % of the total PAHs), 
phenanthrene (17 to 45 %), and fluorene (10 to 19 % except of the last measurement 
where 59 % of the total PAHs were achieved) were the major PAHs which were 
predominant during the chlorination period. Pyrene was less abundant in most of the 
samples showing a percentage of the total PAH concentrations of approximately 5 to 
10 %. The PAH profile is shown in figure 4.1.2.
Figure 4.1.2 Experiment 1: PAH profile During the Cessation of the Disinfection of 
the CI2-Dosage 0.14 mg/1 (Phases 1 and 2a)
PAH profile
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4.1.2 Experiment 2: Disinfection Period with Chlorine (Phases 2b, 3, 4a - 
chapter 3.2.2.2)
The effect observed in experiment 1 was verified by carrying out a further chlorination 
experiment, but of a definite duration. Therefore, after a period of 111 days of PAH- 
free water due to the chlorine free conditions in the distribution system, the water was 
chlorinated for 17 days commencing with the 231st day using the maximum
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operational dosage permitted by the German Drinking Water Act 
(T r in k w a ss e r v e r o r d n u n g  1990) of 0.3 mg/1 free residual chlorine.
Within one week the PAH concentrations increased up to 227 ng/1. The average PAH 
concentration amounted to 229 ng/1 with a variation of 227 ng/1 during the start phase 
of the experiment and 357 ng/1 at the last day of the experiment. Two days after the 
end of the chlorine dosage at the 247th day the PAH concentrations showed a 
reduction of 88 ng/1. This reduction was 206 ng/1 ten days after the chlorination had 
ceased. PAH-free conditions were obtained after 14 days. The development of the 
PAH concentrations is shown in figure 4.1.3.
Figure 4.1.3 Experiment 2: Development of the PAH Concentrations during the 
Chlorination Period (Phases 2b,3,4a)
days
The results achieved during this experiment confirmed the dependence of the 
occurrence of PAHs on the disinfection with chlorine. It must be noted that the 
increase of the PAH concentrations observed after the start of chlorination was very 
rapid whereas the drop down was characterised by a much longer lag-phase showing 
slowly decreasing PAH concentrations. Two days after the end of the chlorine dosage 
the PAH concentrations were reduced by 88 ng/1. The reduction amounted to 206 ng/1 
ten days after the chlorination had ceased. PAH free water was obtained after 14 days. 
The cessation of the chlorination resulted in a comparable development of decreasing 
PAH concentrations to experiment 1.
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The PAH profile is depicted in figure 4.1.4. During the chlorination phase 
fluoranthene and phenanthrene represented the major amount of PAHs showing an 
average percentage of 40 % for fluoranthene and 41 % for phenanthrene, followed by 
fluorene (19 %) and pyrene (6 %). Anthracene occurred only sporadically in a 
percentage of 8 %. The ratio between these PAHs seemed to be relatively constant 
during the chlorination period, whereas a shift was observed to fluoranthene which 
exhibited almost 100 % in the last water sample taken. No other PAHs were detected 
during this experiment.
Figure 4.1.4 Experiment 2: PAH Profile during the Chlorination Period (Phases 2b, 3 
and 4a)
400 —i
PAH profile 
fluorene 
phenanthrene 
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4.1.3 Experiment 3: Disinfection with Chlorine Dioxide (Phases 4b, 5, 6a - 
chapter 3.2.2.3)
The following experiment was carried out to investigate the effect of the dosage of 
chlorine dioxide as a disinfectant, which is well known as a stronger oxidant than 
chlorine. Even one day after the start of the disinfection at the 379th day elevated 
PAH concentrations of 93 ng/1 were detected, although during the previous phase 4b 
comprising 115 days no PAHs could be observed. During the disinfection period of 
11 days the PAH concentrations increased up to 626 ng/1 with an average value of 
313 ng/1. The development of the PAH concentrations is shown in figure 4.1.5.
Figure 4.1.5 Experiment 3: Development of the PAH Concentrations During the 
Chlorine Dioxide Period (Phases 4b,5,6a)
days
The observation that elevated PAH concentrations are linked to the application of a 
disinfectant could be also proved for chlorine dioxide. The development of the PAH 
concentrations was comparable to that of chlorine. The level of the PAH values 
resulting from the chlorine dioxide dosage was higher than that achieved using 
chlorine. The impact of the disinfection period with chlorine dioxide was much more 
sustained than with chlorine; elevated PAH concentrations occurred after the 
cessation of the disinfection period in the range of 650 ng/1 for 10 days. The maximum 
value achieved during this experiment was 689 ng/1
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The PAH profile is dominated by fluorene (34 %) and phenanthrene (39 %). 
Fluoranthene showed a percentage of 17 % of the total PAHs followed by pyrene as a 
minor compound having a percentage of 6 %. Anthracene appeared after the end of 
the dosage of chlorine dioxide in a percentage of 6 %. Compared with the PAH 
profile which occurred during the dosage of chlorine an increase of the percentage of 
the concentrations of fluorene was observed. The mean value of the percentage of 
fluorene during the chlorine period was 19 % whereas the mean value during the 
chlorine dioxide experiment reached a value of 34 %. The parts of phenanthrene and 
pyrene as well as of anthracene were in the same order of magnitude. During the first 
days after the dosage of chlorine dioxide ceased the percentage of fluoranthene 
decreased to values of 8 %. The PAH profile is shown in figure 4.1.6.
Figure 4.1.6 Experiment 3: PAH Profile During the Chlorine Dioxide Period (Phases 
4b, 5 and 6a)
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4.1.4 Experiment 4: Stepwise Reduction of the Disinfectant (Phases 6b, 7, 8, 
9, 10, 11a - chapter 3.2.2.4)
The fundamental dependence of the occurrence of PAHs in the distributed drinking 
water from the dosage of chlorine and chlorine dioxide as a disinfectant was evident 
from the previous investigations described in chapter 4.1.1 to 4.1.3. It is necessary to 
discover whether a quantitative relationship between the concentration of the chlorine 
dosage and the PAH concentration exists. This will be examined in the following 
experiments.
As described in chapter 3.2.2 4 the concentrations of the chlorine dosage were 
reduced in five steps according to the phases 6b to 11a in table 3.2.1. As a result of 
this experiments, a clear quantitative relationship of the PAH concentrations from the 
free residual chlorine concentration was found which is shown in figure 4.1.7.
Figure 4.1.7 Experiment 4: Development of the PAH Concentrations During the 
Stepwise Reduction of the Chlorine Dosage (Phases 6b, 7, 8, 9, 10 - 11a)
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Dosage 0.12 mg/l free residual chlorine (phase 7)
The development of the PAH concentrations after the start of the chlorination at the 
450th day is comparable with those recorded during the previous experiments. 
Immediately after the beginning of the chlorination of the drinking water with a free 
residual of 0.12 mg/l, the PAH concentrations reached values between 140 ng/1 at
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452nd day and 616 ng/1 at the 459th day which were stable over the whole phase of 
disinfection. The average value of the total PAH concentrations during that period 
was 394 ng/1 (figure 4.1.7).
The PAH profile of this phase which is depicted in figure 4.1.8 shows that 
fluoranthene and phenanthrene are the PAHs which were predominantly found during 
this experiment in a percentage of 45 % for phenanthrene and 30 % for fluoranthene. 
Phenanthrene was not detected in the second sample taken. Fluorene was also present 
in considerable concentrations between 41 and 105 ng/1 which represents an average 
percentage of 23 % of the total PAHs. Pyrene was only observed in minor 
concentrations between < 10 ng/1 and 18 ng/1 (4 % of the total PAH concentration), 
anthracene occurred only sporadically in concentrations of 15 ng/1.
Figure 4.1.8 Experiment 4: PAH profile During the Stepwise Reduction of the 
Disinfection, CI2 -Dosage 0.12 mg/1 (Phase 7)
445 451 452 456 459 464 470 478 485 492 506 513 519
day
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Dosage 0.06 mg/l free residual chlorine (phase 8)
The reduction of the chlorine dosage from 0.12 to 0.06 mg/l at the 519th day resulted 
in a drop down of the PAH concentrations within the next 14 days (figure 4.1.7). The 
decrease of the values is comparable to the development after the cessation of the 
chlorine dosage during experiment no. 2 (chapter 3.2.2.2 and 4.1.2). After this drop 
down PAH concentrations were recorded between 142 and 177 ng/1. The average 
PAH concentration referring to the whole phase of 70 days was reduced from 394 
ng/1 in phase 7 (CI2 = 0.12 mg/l) to 273 ng/1 during phase 8. Twenty-one days after 
the reduction of the chlorine dosage the PAH concentrations decreased to an average 
value of 161 ng/1. According to the hypothesis, PAH-free conditions could not be 
reached in the distribution system due to the low chlorine dosage of 0.06 mg/l 
remaining during the whole period.
The PAH profile depicted in figure 4.1.9 showed that the distribution of the PAHs 
remained nearly unchanged compared with the previous experiment: The profile is 
dominated by fluoranthene (p = 29 %), phenanthrene (p = 44 %) and fluorene (p = 19 
%) whereas pyrene is only less abundant (p = 10%). Anthracene was not detected 
during this phase.
Figure 4.1.9 Experiment 4: PAH profile During the Stepwise Reduction of the 
Disinfection with a Cl2 -Dosage 0.06 mg/l (Phase 8)
PAH profile 
Chlorine dosage 0.06 mg/l
4.1 Field Investigations 143
Dosage 0.04 mg/l free residual chlorine (phase 9)
The reduction of the chlorine dosage to 0.04 mg/l free residual chlorine for a period 
of 59 days commencing with the 589th day (phase 9) showed that a further reduction 
of the PAH concentration could be achieved by a further decrease of the dosage of 
the disinfectant. The average concentration observed during that period was 73 ng/1 
with a maximum value of 117 ng/1 and a minimum value of 28 ng/1 (figure 4.1.7).
The PAH profile was dominated by the occurrence of fluoranthene in an average 
percentage of 57 % and phenanthrene which represented 35 % of the total PAHs. A 
shift of the amount of PAHs from phenanthrene to fluoranthene in contrast to the 
previous experiments was observed after fluorene and pyrene disappeared in the last 
samples taken. In one sample, the whole amount of PAHs was represented by 
fluoranthene. Anthracene was not detected during the whole experiment (figure 
4.1.10).
Figure 4.1.10 Experiment 4: PAH profile During the Stepwise Reduction of the 
Disinfection, CI2 -Dosage 0.04 mg/l (Phase 9)
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Dosage 0.025 mg/lfree residual chlorine (phase 10)
The last step in the reduction of the disinfectant from the 648th day to the 699th day 
was the dosage of a trace amount of chlorine in a concentration of 0.025 mg/1 free 
residual chlorine which resulted in a further reduction of the average PAH 
concentration (figure 4.1.7). In the first water sample taken during that experiment a 
PAH concentration of 198 ng/1 was measured which may be the result of pipe flushing 
in the study area. After that unusual peak concentrations between 11 and 61 ng/1 
occurred. The average concentration including the peak value at the beginning was 54 
ng/1. Forty days after the reduction of the chlorine dosage the total PAH 
concentrations reached values at the detection limit.
The PAH profile in figure 4.1.11 shows a different distribution of the PAHs between 
the main peak which may be influenced by hydraulic events. Therefore the first water 
sample is characterized by the occurrence of fluoranthene (23 %), phenanthrene 
(46 %), fluorene (15 %), and pyrene (10 %). Anthracene was also found in that 
sample exhibiting 7 % of the total PAH concentration. After that peak most of the 
PAHs including phenanthrene, anthracene pyrene and fluorene disappeared except of 
fluoranthene which dominated the last samples taken.
Figure 4.1.11 Experiment 4: PAH profile During the Stepwise Reduction of the 
Disinfection, CI2 -Dosage 0.025 mg/1 (Phase 10)
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It is clearly obvious from the profiles presented in the last sections that the PAH 
profile is generally dominated by phenanthrene, fluoranthene, and fluorene during the 
periods of elevated PAH concentrations whereas a shift of the distribution occurs at 
slight enhanced PAH concentrations to fluoranthene as a major compound, sometimes 
representing the whole amount of the PAHs. Pyrene occurred in minor concentrations 
representing between 4 and 10 % of the total PAHs. Anthracene was found in many 
of the samples exhibiting high PAH concentrations but occurred only sporadically. 
Benzo[a]pyrene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benz[a]- 
anthracene, dibenz[ah]anthracene, benzo[g,h,i]perylene, and indeno[l,2,3-c,d]pyrene 
were not detected in any of the samples taken during the previous experiments except 
of phase 1 where benz[a]anthracene and chrysene were detected in one sample.
Cessation of the Chlorination (phase 11a)
After the end of the chlorination the PAH concentrations in the distributed drinking 
water diminished below the detection limit within 9 days (figure 4.1.7). Two days 
after the supply with non-chlorinated water only fluoranthene was detected in a 
concentration of 12 ng/1 (detection limit 10 ng/1). Consequently, this experiment 
showed firstly, that in the study area PAH-free water could he supplied i f  non­
chlorinated water was supplied and secondly, that there is a quantitative relationship 
between the dosage o f free residual chlorine and the level o f the PAH concentration 
occurring in distribution systems.
4.1.5 Experiment 5: Stepwise Increase of the Disinfectant and Control 
Period (Phases l ib ,  12 ,1 3 ,1 4 ,1 5  - chapter 3.2.2.5)
A further experiment was carried out for the verification of the results obtained in the 
previous experiment 4. During experiment 5 the concentration of the disinfectant was 
increased and the influence on the PAH concentrations was determined. Therefore a 
chlorination was carried out in three steps using a dosage of 0.025 mg/l, 0.04 mg/l 
and 0.14 mg/l free residual chlorine. The experiment commenced at the 753rd day 
and lasted 155 days. The chlorination ceased 493 days after the start of the 
disinfection period with the change to chlorine free water B.
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Figure 4.1.12 Experiment 5: Development of the PAH Concentrations During the 
Stepwise Increase of the Chlorine Dosage (Phases 1 lb, 12, 13, 14, 15)
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As shown in figure 4.1.12 after the start of the chlorination with the trace dosage of 
0.025 mg/l only a slight effect on the PAH concentrations was observed. Except for 
one sample containing 13 ng/1 phenanthrene (32 days after the chlorination 
commenced) all other samples taken were free of PAHs during the whole period of 
phase no. 12. After the chlorine dosage reached a value of 0.04 mg/l at the 803rd day 
(phase 13) a significant effect on the PAH concentrations was evident. The next 
sample taken showed a PAH concentration of 45 ng/1 total PAHs (31 % fluoranthene 
and 69 % phenanthrene). During the 74 days of that dosage the average value 
observed was 29 ng/1 total PAHs whereas the following phase with a dosage of 0.14 
mg/l free residual chlorine commencing with the 877th day (phase 14) produced an 
average PAH concentration of 195 mg/l. It is remarkable that the highest value was 
detected at the end of the chlorination period before the disinfection was ceased. The 
change of the water quality from water A to water B at the 1247th day showed, that 
the effect of chlorine on the PAH concentrations observed in the previous experiments 
is reproducible at any time because the cessation of the chlorination resulted in a 
disappearance of the PAH concentrations in the drinking water.
The PAH profile is shown in figure 4.1.13. The most predominant PAHs were 
fluorene representing approximately 30 % of the PAHs and phenanthrene (ca. 50 %) 
followed by fluoranthene (ca. 20 %). Pyrene was only detected one the sample which 
showed the highest amount of PAHs.
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Figure 4.1.13 Experiment 5: PAH Profile During the Stepwise Increase of the 
Chlorine Concentration (Phases lib , 12, 13, 14, 15)
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4.1.6 PAH-Profiles in Percent
Figure 4.1.14 gives an overview of the percentage composition of the PAHs of the 
total amount of the PAHs measured. It can be clearly shown, that the ratio in which 
the several PAHs occur was comparable during the whole experiment. The 
predominant PAH was phenanthrene which represented about 40 %, followed by 
fluorene and fluoranthene showing a part of 20 to 30 %. Fluoranthene and 
phenanthrene were the only PAHs which reached values of 80 to 100 % of the total 
PAH concentration in a few samples. Pyrene occurred in 58 % of the water samples 
taken and represented about 5 to 10 % of the total PAH concentration. Anthracene, 
chrysene and benz[a]anthracene occurred only sporadically.
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Figure 4.1.14 PAH Profile in Percent Comprising All Water Samples Taken During 
the Field Investigations
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4.2 Pipe Rig Investigations
4.2.1 Start-up Phase (Phase 1)
The results achieved during the field investigations showing that there is a clear 
dependence of the occurrence of PAHs on the dosage of a disinfectant were verified 
using a pilot-scale pipe rig (chapter 3.3). During the start phase this pipe rig was fed 
with drinking water of the city of Karlsruhe (water B, appendix 5) which was not 
chlorinated. Due to the disturbance of the internal pipe environment during the 
removal of the pipes from the distribution system (sections 1 and 2) respectively due 
to the long time of storage (section 3) this period was carried out as a cleaning and 
flushing procedure as well as for the adaptation of the pipes to the normal operating 
conditions.
On the first day of operation all pipe rig sections showed elevated PAH 
concentrations. This can be explained by the entrainment of loose particles from the 
pipe walls which were produced during the installation of the pipe rig by handling the 
pipes. In the case of sections 1 and 2 the corrosion protection layer became dry during 
the time of the removal of the pipes to the installation into the rig. It can be assumed, 
that this is one additional factor contributing to the occurrence of the PAH 
concentrations observed.
The concentrations ranged from 659 ng/1 in the water of the pipes having a strongly 
developed CaC03-layer at sample point M4 (figure 3.3.5), to 133 ng/1 in the water of 
the pipe which was previously not used at sample point M10 (figure 3 .3 .5 and figures
4.2.1 to 4.2.3). The assumption that the handling procedure and the installation make 
major contribution to the elevated PAH concentrations is supported by the fact that, 
in the case of the dense corrosion layer at M4, 98% of the PAHs found in the water 
effluent were adsorbed at particles. They were removable by a filtration process using 
a 0.45 pm polycarbonate filter, whereas only 16 % of the PAHs of M10 could be 
removed by filtration.
Table 4.2.1 Percentage of the PAHs Adsorbed on Particles During the Start Phase
days ^ m H ep o ia tM .0 -
0.5 98% 63 % 16%
1 55% 2 2 % 81 %
* see figure 3.3.5
The pipes which exhibited a thinner encrustation on the internal surface, showed a 
PAH concentration at M7 between M4 and M10 of 301 ng/1. In that case 63 % of the 
PAHs were found to be presumably adsorbed on particles. At sample points M4 and
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M7 a decrease of the PAHs adsorbed on particles was observed during the start phase 
whereas the PAH concentrations at M10 showed increase during that period (table
4.2.1). This can be explained by the wash-out effect of the particles at the pipes 
showing a developed rust-layer whereas at the "new" pipe particles were only 
removed after the shear forces of the flow velocity reached a value which was 
sufficient for the removal of particles sticking at the coal-tar surface. Fluoranthene 
was the major compound found in the water samples (app. 60%) followed by pyrene 
(35 %). Only 2 to 3 % of the concentrations of the total 13 PAHs proposed by the 
US-Environmental Protection Agency for the analysis in waters were represented by 
phenanthrene and anthracene (figures 4.2.7 to 4.2.9).
Generally, elevated PAH concentrations were only detectable during the first day of 
operation. No PAHs could be detected during the start phase and during the first 33 
days of the start phase. The results achieved can be interpreted as an indicator, that 
maintenance work at the distribution system can result in temporary elevated PAH 
concentrations. The parameters determined further, showed no effect except the 
oxygen concentration which decreased to values below 3.5 mg/l at all three sections. 
This can be explained by the high oxygen demand during the re-formation of a biofilm 
on the pipe walls. Within one week relatively stable oxygen concentrations with 
values between 4 and 5.5 mg/l were achieved.
Figure 4.2.1 Start-up Phase without Chlorination - v = 0.1 m/s (Phase 1), Sample 
Point M4 - Effect on PAHs and Oxygen Concentrations
duration [days)
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Figure 4.2.2 Start-up Phase without Chlorination - v = 0.1 m/s (Phase 1), Sample 
Point M7 - Effect on PAHs and Oxygen Concentrations
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Figure 4.2.3 Start-up Phase without Chlorination - v = 0.1 m/s (Phase 1), Sample 
Point M10 - Effect on PAHs and Oxygen Concentrations
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4.2.2 Experiment No. 1: Chlorination Period at a Flow Velocity of 0.1 m/s 
(Phase 2)
At the 64th day using a flow velocity of 0.1 m/s, the experiments commenced with a 
chlorine dosage of 0.3 mg/l for 27 days. The flow velocity remained unchanged during 
the whole period. Compared with those distribution systems from which the pipes 
were removed, this flow velocity was defined as "high", because most of the pipes of 
that diameter were exposed to very long periods of nearly quiescent water, especially 
in that area, where the monitoring programme and the field investigations were 
carried out. At this flow velocity the residence time of the water in the pipe rig was 1 
min 40 seconds which was exposed to an internal surface of the coal-tar lined pipes of 
approximately 3.14 m2 in the sections 1 and 2 respectively 4.71 m2 in section 3.
As a result of the chlorination of the water the PAH concentrations increased to 251 
ng/1 in the case of M4 and to 65 ng/1 at M7 at the second day after the chlorination 
commenced. These elevated concentrations diminished below the detection limit in the 
next sample taken one week later but reoccurred in a minor concentration of 15 ng/1 
at M7. During the whole period of chlorination no PAHs could be detected in the 
water of sample point M10 (figures 4.2.4 to 4.2.6).
The PAH profile at M4 was dominated by fluoranthene (34 %), pyrene (21 %) and 
chrysene (31 %) and in a minor amount benz[a] anthracene (11 %) and 
benzo[b]fluoranthene (3 %). Fluoranthene (49 %), phenanthrene (31%) and pyrene 
(20 %) could be detected in M7 (figures 4.2.7 to 4.2.9). The predominant part of the 
PAHs was adsorbed on particles and could be removed by filtration. This resulted for 
example in total EPA-PAH concentrations of 31 ng/1 in M4 and 12 ng/1 in M7 which 
means a reduction of 91 % and 81 % respectively in PAH concentration.
During the chlorination experiment a decrease of the oxygen concentrations was 
observed in M4 and M7, where also elevated PAH concentrations were observed. 
This decrease can be explained to be the result of an increasing oxygen demand by the 
biofilm as a strategy for the survival in those areas of the pipe walls, where the 
microbial activity was only reduced by the biocide. Due to the high flow velocity it 
can be assumed, that the contact time of the chlorine was not sufficient for killing the 
bacteria entirely which are hidden in the niches of the encrustation layer. Parts of the 
biofilm covering a tubercle were presumably exposed to the chlorine in the water 
bulk, whereas other parts, especially in microniches of the encrustation, were very 
well protected.
From the foregoing remarks it is not surprising that this effect was not observed at 
M10, because this pipe showed no encrustation and has a smooth surface where no 
turbulence occurs and no biofilm material is exposed to higher shear forces. Due to 
the high flow velocity, resulting in only a small contact time of the chlorine to the 
attached bacteria, no reduction of the microbiological activity happened, and no PAHs 
could be detected in that period.
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The additional parameters determined during that experiment showed no significant 
reaction (appendix 2).
Figure 4.2.4 Experiment No. 1: Chlorination Period at a Flow Velocity of 0.1 m/s 
(Phase 2), Sample Point M4, Effect on PAHs and Oxygen Concentrations
duration [days]
Figure 4.2.5 Experiment No. 1: Chlorination Period at a Flow Velocity of 0.1 m/s 
(Phase 2), Sample Point M7, Effect on PAHs and Oxygen Concentrations
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Figure 4.2.6 Experiment No. 1: Chlorination Period at a Flow Velocity of 0.1 m/s 
(Phase 2), Sample Point M10, Effect on PAHs and Oxygen Concentrations
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Figure 4.2.7 Start Phase and Experiment 1: PAH Profile during the Start Phase and 
Chlorination at a Flow Velocity of 0.1 m/s, M4 (samples below the detection limit 
were not depicted)
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Figure 4.2.8 Start Phase and Experiment 1: PAH Profile during the Start Phase and 
Chlorination at a Flow Velocity of 0.1 m/s, M7 (samples below the detection limit 
were not depicted)
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Figure 4.2.9 Start Phase and Experiment 1: PAH Profile during the Start Phase and 
Chlorination at a Flow Velocity of 0.1 m/s, M10 (samples below the detection limit 
were not depicted)
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4.2.3 Experiment No. 2: Long-Term Stagnation of Chlorinated Water 
(Phases 3, 4a)
In order to simulate the effects of stagnant water in distribution systems, the 
chlorination experiment was followed by a period of stagnation of the chlorinated 
water for 35 days commencing with the 92nd day and ending at the 126th day. 
Immediately after the stagnation period started, the PAH concentrations increased 
up to values which exceeded the prescribed concentration value (PCV) o f EC - 
guideline fo r the six indicator PAHs o f 200 ng/l considerably. The shape of the 
development of the PAH concentrations during that time is typical and comparable to 
that found in the distribution system: a rapid increase followed by a plateau and a 
slower decrease after the end of the stagnation period. This behaviour was observed 
at all pipe line sections independent of its history (figures 4.2.10 to 4.2.12).
The stagnation period produced maximum PAH concentrations of 43,500 ng/1 at M4, 
to 46,680 ng/1 at M7 and 87,700 ng/1 at M10. The PAH profile shows, that the major 
compounds detected were represented by fluoranthene and phenanthrene, followed by 
smaller amounts of anthracene and pyrene. Fluorene occurred frequently in many 
samples. Chrysene, benz[a]anthracene, and benzo[b]fluoranthene occurred only in a 
few samples taken during the experiment. The maximum value for the six indicator 
PAHs (figure 4.2.13 to 4.2.15) was observed at M10, where the concentration 
exceeded the PCV 85-fold, followed closely by M4 where the violation was 80-fold. 
Fluoranthene was the only compound detected. A considerable percentage of the 
PAHs detected in the water was found to be adsorbed on particles, because 58 % of 
the PAHs could be removed by the sample preparation of the water from M4, 
whereas 51 % were removable by the filtration process at M7. Most of the PAHs 
were dissolved at M10 because the filtration removed only 44 % of the PAHs (mean 
values). Generally a smaller percentage was found to be adsorbed during the 
chlorination period compared with the stagnation experiment previously carried out.
In all three sections of the pipe rig, the increase of the PAH concentrations was 
accompanied by a very rapid decrease of the oxygen concentrations down to ranges of 
1 mg/1 or lower (figures 4.2.10 to 4.2.12). This is also valid for the development of 
the nitrate concentrations, which also decreased below the detection limit. At the 
same time, the values for the turbidity showed an extreme increase with values up to 
41 NTU. The iron and manganese concentrations increased during the experiment 
significantly. An entrainment of the number of PAH degrading bacteria could be 
observed, exhibiting the highest number of bacteria at the beginning of the stagnation 
period. After this peak a slightly elevated number of those bacteria was observed. It is 
remarkable, that the highest number was found in the water samples of the "new" pipe 
at M10 reaching 1,600 cells/ml, whereas lower numbers of 160 cells/ml were 
observed at M7 and 360 cells/ml at M4 (appendix 2). A comparable situation was 
found for the total number of cells (see figures) which showed also a clear elevation 
associated with the increased PAH concentrations. The total cell number (HPC) of the 
bacteria also showed enhanced values.
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Figure 4.2.10 Experiment No. 2: Long-Term Stagnation of Chlorinated Water 
(Phases 3, 4a), Sample Point M4 - Development of the PAHs, Oxygen, Turbidity and 
Total Cell Number
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Figure 4.2.11 Experiment No. 2: Long-Term Stagnation of Chlorinated Water 
(Phases 3, 4a), Sample Point M7 - Development of the PAHs, Oxygen, Turbidity and 
Total Cell Number
gz.
|
J  100.00
1
II
r
(— 500000 
I— 400000
1 00
— 0.10
-  5
L .
-g 012 “□
J .  o.io - - - - - -
.010
0.08
0.06
0.040.020.00 ' I 1 1,1 I 1
80 90
l"l1 7 ' ' i
120 130
duration [days]
140
I ’I | I I  
150
0 50 ^
—  0.40 -
—  0.30 f, 
0.20 u
— 0.10 I
0.00 JBS
pt>.rieM7
total BPA-f AH
-h - «nm
—HUy
utalc.llniaabw
flftWT*bcitjr
4.2 Pipe Rig Investigations 158
Figure 4.2.12 Experiment No. 2: Long-Term Stagnation of Chlorinated Water 
(Phases 3, 4a), Sample Point M 10 - Development of the PAHs, Oxygen, Turbidity 
and Total Cell Number
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Figure 4.2.13 PAH Profile Experiment 2: Long Term Stagnation of the Chlorinated 
Water, Sample Point M4 (samples below the detection limit were not depicted)
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Figure 4.2.14 PAH Profile Experiment 2: Long Term Stagnation of the Chlorinated 
Water, Sample Point M7 (samples below the detection limit were not depicted)
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Figure 4.2.15 PAH Profile Experiment 2: Long Term Stagnation of the Chlorinated 
Water, Sample Point M10 (samples below the detection limit were not depicted)
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4.2.4 Experiment No 3: Stepwise Reduction of the Flow Velocity from 0.1 
m/s to 0.002 m/s and Long-Term Stagnation of Non-Chlorinated Water 
(Phases 4b, 5, 6, 7, 8a)
The stepwise reduction of the flow velocity of the non-chlorinated water from 0.1 m/s 
(127th to 174th day) passing a short period of 0.01 m/s (175th day to 179th day) and 
down to 0.002 m/s (180th to 224th day) revealed, that changes in the hydraulic 
conditions may have an effect on the occurrence o f PAHs in the distribution system, 
but that a slow flow velocity alone does not necessarily produce elevated 
concentrations o f PAHs (figure 4.2.16 to 4.2.18). The contact time of the water with 
the coal-tar lining was increased during that experiment from 100 seconds at 0.1 m/s 
to 5000 seconds at a flow velocity of 0.002 m/s. This residence time of 1 hour and 23 
minutes during the latter period of slow flow velocity was not able to enhance the 
PAH concentrations in the water sampled in any of the three sections during the first 
39 days. After that time, a slight enhancement could only be observed at M4 and M10 
which disappeared until the stagnation experiment of the non-chlorinated water 
commenced. The PAHs detected during the slow flow velocity period were identified 
to be predominantly adsorbed on particles. It was also clearly obvious, that a change 
in the hydraulic regime in the pipes was able to increase PAHs which could be shown 
during the reduction of the flow velocity from 0.1 m/s to 0.01 m/s where elevated 
PAH concentrations were detected in all three sections.
On the first day of the stagnation period (225th day) no PAHs could be detected in 
the sampled water. This can be explained by the fact that, as there was no flow 
velocity, no particles containing PAHs were transported through the pipes. After one 
day of stagnation, an enhancement of the PAH concentrations could be found at M4 
and M7; M10 seemed to be unaffected during the following 24 hours. Two days after 
the reduction o f the flow  velocity to zero, the stagnation resulted in extremely high 
PAH concentrations comparable to experiment 2 at all sampling points. The 
maximum value was reached at M10 with 135,000 ng/1, followed by M7 exhibiting a 
total PAH concentration of 129,000 ng/1. At sample point M4 the maximum value 
observed was 55,800 ng/1. The development of the PAH concentrations is similar to 
that in experiment 2 and to those found during the field investigations. It is also 
characterised by a rapid enhancement of the PAHs in the beginning followed by a 
plateau phase after a certain time. After the end of the stagnation period at the 260th 
day the PAHs decreased at a much slower rate than the increase which had been 
recorded at the beginning.
The PAH profile is dominated by phenanthrene and fluoranthene which exhibited 70 
% of the total PAHs. Anthracene and pyrene occurred in all the water samples taken 
in values of 10 to 20 % each. Fluorene and chrysene were the minor constituents 
(figures 4.2.19 to 4.2.21).
The increase o f the PAH concentrations was clearly associated with decreasing 
oxygen concentrations and an enhancement o f the turbidity. The increase o f the 
turbidity values was immediately observed when the stagnation commenced’ whereas
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an increase of the PAH concentrations was observed one day later at section 1 and 2 
and two days later at section 3. During the stagnation period the number of the PAH 
degrading bacteria increased, but there was an intense variation of the numbers found 
between "not detectable" and 1,600 cells/ml (data not shown in the graph, see 
appendix 2). The maximum values were reached in the first third of the stagnation 
period, whereas the maximum of the total cell number in the water samples coincided 
with the maximum of the PAH concentrations (figures 4.2.16 to 4.2.18). Generally a 
greater amount of bacteria was found in the sampled water during the stagnation 
compared with the periods before, because the HPC showed also a significant 
enhancement, but in the shape of a peak and not in constant values. Iron, manganese 
and the saturation index showed a distinct increase, whereas the nitrate concentrations 
decreased below the detection limit of the analytical equipment used (appendix 2).
Figure 4.2.16 Stepwise Reduction of the Flow Velocity from 0.1 m/s to 0.002 m/s 
and Long-Term Stagnation of Non-Chlorinated Water (Phases 4b, 5, 6, 7, 8a), 
Sample Point M4 - Development of the PAHs, Oxygen, Turbidity, Iron
D
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Figure 4.2.17 Stepwise Reduction of the Flow Velocity from 0.1 m/s to 0.002 m/s 
and Long-Term Stagnation of Non-Chlorinated Water (Phases 4b, 5, 6, 7, 8a), 
Sample Point M7 - Development of the PAHs, Oxygen, Turbidity, Iron
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Figure 4.2.18 Stepwise Reduction of the Flow Velocity from 0.1 m/s to 0.002 m/s 
and Long-Term Stagnation of Non-Chlorinated Water (Phases 4b, 5, 6, 7, 8a), 
Sample Point M10 - Development of the PAHs, Oxygen, Turbidity, Iron
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Figure 4.2.19 PAH-Profile Experiment 3: Stepwise Reduction of the Flow Velocity 
and Long Term Stagnation of the Non-Chlorinated Water, M4 (samples below the 
detection limit were not depicted)
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Figure 4.2.20 PAH-Profile Experiment 3: Stepwise Reduction of the Flow Velocity 
and Long Term Stagnation of the Non-Chlorinated Water, M7 (samples below the 
detection limit were not depicted)
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Figure 4.2.21 PAH-Profile Experiment 3: Stepwise Reduction of the Flow Velocity 
and Long Term Stagnation of the Non-Chlorinated Water, M10 (samples below the 
detection limit were not depicted)
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4.2.5 Experiment No. 4: Chlorination Period at a Velocity of 0.01 m/s 
(Phases 8b, 9, 10a)
During this experiment the effect of the chlorination at a low flow velocity on the 
occurrence of the PAHs as observed in the field investigations were verified. Chlorine 
was added to the inflow of the pipe rig producing a free residual chlorine of 0.3 mg/l 
for 37 days from the 295th to the 331st day. The steady state flow velocity of 0.01 
m/s was chosen, because this velocity represented a mean value of the hydraulic 
regime occurring in the distribution system where the field investigations were carried 
out. The regime in that area is characterised by non-steady state flow with significant 
times of quiescent water. The contact time of the water with the coal-tar lining in the 
pipe rig was 16 minutes and 40 seconds.
The results carried out under these conditions and are summarised in figures 4.2.22 to 
4.2.24 confirmed the dependence of the enhancement of PAH concentrations in the 
water on the disinfection with chlorine. One day after the disinfection commenced, the 
PAH concentration increased at the sample points of all three sections, whereas no
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PAHs were detected in the samples taken before (one sample was not considered 
because of the blockage of the sample tap). The average values achieved during the 
chlorination are shown in table 4.2.2.
Table 4.2.2 PAH Concentrations during the Chlorination Period at a Flow Velocity 
ofO.Ol m/s.
•Ample point aver**e minimum number of 
templesconcentration concentration .
M4 37 ng/1 * 99 ng/1 < 10 ng/1 8
M7 43 ng/1 * 78 ng/1 11 ng/1 8
M10 57 */60 ng/1 188 ng/1 13 ng/1 8
* one determination of the PAH concentrations was not considered because of the breakdown of the chlorination 
equipment at day 299.
It is remarkable that the chlorination produced concentrations up to 188 ng/1 in the 
pilot scale distribution system where the water is exposed to only 1 % of the coal-tar 
lining compared with one kilometre of the distribution system. In all three sections 
between 52 and 63 % (mean values) of the total amount of the EPA-PAHs could be 
removed by a filtration process and can be defined as adsorbed PAHs. The PAH 
profile is characterised by fluoranthene and phenanthrene in equal parts at the sample 
points M4 and M7 of which fluoranthene could be removed up to 100% in almost 
every cases. This is also valid for the determination of the water taken from M10, 
except for the peak value at the beginning of the chlorination period. This peak 
consists of fluoranthene and phenanthrene as well as anthracene, pyrene, 
benz[a]anthracene, benzo[b]fluoranthene, and chrysene represented by 5 to 13 % of 
the total PAHs (figure 4.2.25 to 4.2.27). The latter five could be totally removed by 
the filtration process.
The number of the PAH degrading bacteria recorded during the chlorination period 
decreased due to the chlorination, whereas the total cell number exhibited an increase 
in cells found in the water samples (not shown in the graphs, see appendix 2). The 
method for the determination of total cell count records also those PAH degrading 
bacteria killed by the biocide. Parameters like turbidity, oxygen, iron and nitrate 
seemed to be unaffected during the chlorination.
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Figure 4.2.22 Experiment No. 4: Chlorination Period at a Velocity of 0.01 m/s 
(Phases 8b, 9, 10a), Sample Point M4 - Effect on the PAHs Concentrations and Total 
Cell Number
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Figure 4.2.24 Experiment No. 4: Chlorination Period at a Velocity of 0.01 m/s 
(Phases 8b, 9, 10a), Sample Point M10 - Effect on the PAHs Concentrations and 
Total Cell Number
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Figure 4.2.25 PAH Profile Experiment No. 4: Chlorination Period at a Velocity of 
0.01 m/s, M4 (samples below the detection limit were not depicted)
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Figure 4.2.26 PAH Profile Experiment No. 4: Chlorination Period at a Velocity of 
0.01 m/s, Sample Point M7(samples below the detection limit were not depicted)
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Figure 4.2.27 PAH Profile Experiment No. 4: Chlorination Period at a Velocity of 
0.01 m/s, Sample Point M10 (samples below the detection limit were not depicted)
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4.2.6 Experiment No. 5: Dosage of Sodium Sulfite (Phases 10b, 11, 12a)
The previous experiments carried out at the pipe rig showed, that the occurrence of 
elevated PAH concentrations is accompanied by extremely low oxygen concentrations 
or by the dosage of an oxidising biocide such as chlorine; both conditions decrease the 
microbiological activity of the biofilm on the internal wall of the coal-tar lined pipes. 
The experiments were conducted with oxygen-free conditions in the pipe line 
sections, where a biofilm development is not possible and where an impairment of the 
biofilm can be assumed. Therefore the dosage of sodium sulfite (Na2S03) was carried 
out over a period of 30 days. This compound is allowed as a reducing agent during 
water treatment according to the German Drinking Water Act 
(Trinkwasserverordnung 1990). It is able to reduce the dissolved oxygen of the 
water flowing through the pipes and produces an oxygen-free environment where the 
survival of aerobic bacteria is not possible.
After the dosage of Na2S03 commenced at the 392nd day, the concentrations of 
dissolved oxygen at the sample points M4 and M7 decreased rapidly down to values 
of 0.5 mg/l within two days. The decrease of the oxygen was observed at M10 four 
days later. Afterwards, the oxygen concentrations decreased continuously and 
produced an oxygen-free environment after 23 days in all three pipe line sections. 
During that period o f anaerobic conditions enhanced PAH concentrations were 
detected at all sampling points o f the system. As shown in figures 4.2.28 to 4.2.30, 
PAHs could not be detected until the oxygen-free conditions were reached. 
Seventeen days after the oxygen concentration reached values below 0.5 mg/l, PAHs 
were found in the water of M4. At M7 and M10 PAHs were detected 9 days after the 
oxygen reached those concentrations. The maximum PAH concentration during that 
period was found at M7 with 240 ng/1 PAHs, the lowest concentration was observed 
at M 4 exhibiting 80 ng/1. The dosage ended at the 421st day.
The PAH profile was dominated by phenanthrene, closely followed by fluoranthene 
and pyrene in all three pipe line sections. Only benzo[b]fluoranthene was detected as 
the fourth PAH, once at M7 during the peak concentration of 240 ng/1 was observed 
(figures 4.2.31 to 4.2.33). The amount of adsorbed PAHs is very different in the three 
pipe line sections: At M4 about 97 % of the PAHs were adsorbed on particles 
whereas only 63 % and 69 % of the PAHs at M7 and M10 could be removed by the 
filtration process which indicates, that the occurrence of PAHs is more likely in pipes 
showing a good developed corrosion-layer.
Associated with the decreasing oxygen concentrations causing the remobilsation of 
PAHs an increase of the turbidity and the iron concentrations were observed during 
that period. The increase was not as high as during the stagnation periods, but a 
significant enhancement was noticeable. The highest concentrations were observed at 
M7 where the turbidity reached values of 0.35 NTU which is approximately seven 
times higher than that found under normal conditions. The same is valid for the iron 
concentrations observed.
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Figure 4.2.28 Experiment No. 5: Dosage of Sodium Sulfite (Phases 10b, 11, 12a), 
Sample Point M4 - Effect on the PAHs, oxygen, iron concentrations and turbididy
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Figure 4.2.29 Experiment No. 5. Dosage of Sodium Sulfite (Phases 10b, 11, 12a), 
Sample Point M7 - Effect on the PAHs, oxygen, iron concentrations and turbididy
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Figure 4.2.30 Experiment No. 5: Dosage of Sodium Sulfite (Phases 10b, 11, 12a), 
Sample Point M10 - Effect on the PAHs, oxygen, iron concentrations and turbididy
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Figure 4.2.31 Experiment No. 5: PAH Profile During the Dosage of Sodium Sulfite, 
M4 (samples below the detection limit were not depicted)
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Figure 4.2.32 Experiment No. 5: PAH Profile During the Dosage of Sodium Sulfite, 
M7 (samples below the detection limit were not depicted)
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Figure 4.2.33 Experiment No. 5: PAH Profile During the Dosage of Sodium Sulfite, 
M10 (samples below the detection limit were not depicted)
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4.2.7 Experiment No. 6: Dosage of 0.4 mg/I and 0.2 mg/1 Chlorine Dioxide 
(Phases 12b, 13, 14, 15a)
The dosage of an oxygen reducing agent was followed by the dosage of chlorine 
dioxide in concentrations normally used in drinking water practice. The dosage was 
divided in two parts, the dosage of 0.4 mg/1 residual CIO2 and, as another practical 
value which is very common for disinfection in water industry, the dosage of 0.2 mg/1 
residual CIO2. The dosage of 0.4 mg/1 is the maximum dosage permitted in the 
German Drinking Water Act whereas the latter value is represents the normal 
operational dosage according to these regulations. The results are shown in the 
figures 4.2.34 to 4.2.36.
During the first part of the CIO2 dosage, PAHs could only be detected at sample point 
M10 (figure 4.2.36). This pipe line section showed also an enhancement of the 
turbidity as observed during the previous experiments. During the first phase using a 
dosage of 0.4 mg/1, no PAHs could be observed at section 1 and 2. This may be the 
result of a reaction of the chlorine dioxide with the iron present on the internal pipe 
walls.
During the second part of the CIO2 dosage, PAHs were detected in all three sections. 
In M4 the occurrence of elevated PAH concentrations was also linked to higher 
turbidity (figure 4.2.34). This could not be observed at sample point M7, because 
enhanced turbidity values were also observed in the period where no PAHs could 
have been detected in the water (figure 4.2.35). But generally a slight enhancement of 
the turbidity was correlated with the PAH peak concentrations.
The maximum concentrations were observed at M10 with 70 ng/1 (figure 4.2.36). The 
other sample points showed concentrations in the range of 40 ng/1. It is interesting, 
that during that period phenanthrene exhibited most of the PAH profile. Fluoranthene 
was not detected or occurred in very low concentrations, near the detection limit 
(figures 4.2.37 to 4.2.39). Compared to the experiment no. 4 generally the level of the 
PAH concentrations found was in the same magnitude of order. In contrast to this 
experiments, the dosage of chlorine produced stable values during the whole period 
whereas in the experiment described above a variation of the values down to the 
detection limit was observed.
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Figure 4.2.34 Experiment No. 6: Dosage of 0.4 mg/l and 0.2 mg/l Chlorine Dioxide 
(Phases 12b, 13, 14, 15a), Sample Point M4 - Effect on the PAH concentrations and 
the turbidity
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Figure 4.2.35 Experiment No. 6: Dosage of 0.4 mg/l and 0.2 mg/l Chlorine Dioxide 
(Phases 12b, 13, 14, 15a), Sample Point M7 - Effect on the PAH concentrations and 
the turbidity
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Figure 4.2.36 Experiment No. 6: Dosage of 0.4 mg/1 and 0.2 mg/1 Chlorine Dioxide 
(Phases 12b, 13, 14, 15a), Sample Point M10 - Effect on the PAH concentrations and 
the turbidity
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Figure 4.2.37 Experiment No. 6: PAH Profile During the Dosage of Chlorine 
Dioxide, M4 (samples below the detection limit were not depicted)
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Figure 4.2.38 Experiment No. 6: PAH Profile During the Dosage of Chlorine 
Dioxide, M7 (samples below the detection limit were not depicted)
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Figure 4.2.39 Experiment No. 6: PAH Profile During the Dosage of Chlorine 
Dioxide, M10 (samples below the detection limit were not depicted)
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4.2.8 Experiments 7, 8 and 9: Night Stagnation, Water Hammer and High 
Chlorination (Phases 15b -23)
The effect of hydraulic events which often occur in drinking water practice when there 
are stagnation periods and suddenly appearing high pressure resulting from pumps and 
other shock waves (water hammer) in the distribution system were studied in the 
experiments 7,8 and 9. All investigations were carried out using chlorinated water in 
the pipe rig.
Effect o f Chlorination (Phases 16-21)
As shown in figures 4.2.40 to 4.2.42 during the first period commencing with the 
611th day, the system showed only elevated PAH concentrations at M10 six days 
after the chlorination started. In that pipe line section the encrustation was not very 
much developed. The other sections M4 and M7 showed no effect due to the 
chlorination. This may be the result of the strong biocide conditions during the last 
experiments where the biofilm may be adapted to these conditions. The phase using 
0.3 mg/l chlorine ended at the 632nd day.
The high chlorination from the 652nd to 681st day with 1.2 mg/l free residual CI2 
produced elevated PAH concentrations at M l0 up to 38 ng/1 and of 12 ng/1 at M7. 
PAHs were not detected during that period at M4. The sum of the PAHs was 
represented by fluoranthene and phenanthrene (figures 4.2.43 to 4.2.45).
Night Stagnation (Phase 17)
The stagnation of the water over a period of 7 hours (night stagnation) at the 633rd 
day resulted in PAH concentrations of 234 ng/1 at M4, 548 ng/1 at M7 and 783 ng/1 at 
M10. The vast majority of PAHs at M4 and M7 was adsorbed on particles (87 % and 
respectively 75 %) whereas only 9 % were adsorbed on particles in the water of 
sample point M10. The total amount of PAHs was predominantly fluoranthene and 
phenanthrene. A minor contribution came from anthracene, pyrene, and at M7 and 
M10 from chrysene and fluorene. The night stagnation peak of PAHs was 
accompanied by a distinct decrease of the oxygen concentration and a rapid increase 
in turbidity to values of 45 NTU at M4, 20 NTU at M7 and 0.71 NTU at M10. The 
night stagnation is shown in figure 4.2.40 to 4.2.42 as a rapid decreasing peak in the 
curve of the flow velocity.
Water Hammer (Phase 19)
Before the water hammer experiment started at the 638th day, the water taps at the 
sample points were flushed to ensure that false positive PAH concentrations could not 
be obtained as a result of particles removed from the tap itself. These samples were 
only examined for turbidity. The water hammers were simulated by decreasing the 
pressure in the pipe rig to atmospheric conditions and opening a valve connected to 
the distribution system very quickly. Therefore a water hammer showing pressure 
waves was produced ranging from 4.5 bar to 7 bar. The pressure was measured by
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Figure 4.2.40 Experiments 7, 8 and 9: Night Stagnation, Water Hammer and High 
Chlorination (Phases 15 -23), Sample Point M4 - Effect on PAHs and Oxygen 
Concentration
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Figure 4.2.41 Experiments 7, 8 and 9: Night Stagnation, Water Hammer and High 
Chlorination (Phases 15 -23), Sample Point M7 - Effect on PAHs and Oxygen 
Concentration
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Figure 4.2.42 Experiments 7, 8 and 9: Night Stagnation, Water Hammer and High 
Chlorination (Phases 15 -23), Sample Point M10 - Effect on PAHs and Oxygen 
Concentration
0.01
r
S
I TT [ TT TI'-p  I I I | I l"l "I | I I T I ' | "T T T  I | I I I I | ! I " 'F T ]"F I  I I | I I I I | I I I 
590 600 610 620 630 640 650 660 670 680 ek) 700
duration [days]
r— 1.50 <N
— 1 20 O 1
—  0 90 3 2.— ^ ©
—  o 60 g £
— 0 30 H I
— 0.00 £
Figure 4.2.43 Experiment 7,8,9: PAH Profile During the Night Stagnation, Water 
Hammer and High Chlorination, M4 (samples below the detection limit were not 
depicted)
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Figure 4.2.44 Experiment 7,8,9: PAH Profile During the Night Stagnation, Water 
Hammer and High Chlorination, M7 (samples below the detection limit were not 
depicted)
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Figure 4.2.45 Experiment 7,8,9: PAH Profile During the Night Stagnation, Water 
Hammer and High Chlorination, M10 (samples below the detection limit were not 
depicted)
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a pressure meter and reported in the check book of the pipe rig. After the pressure 
wave ended water was collected from sample points M4, M7 and M10 and examined 
for turbidity (the water hammer is depicted as a peak at the 638th day up and 
downwards in figures 4.2.40 to 4.2.42). In addition to this, the PAH concentrations 
were determined after each water hammer at M4. These procedures were repeated 
three times (table 4.2.4). After the last water hammer samples were taken from all 
three sections for the PAH examination (table 4.2.3).
The results clearly indicate, that the occurrence of pressure waves produces PAH 
concentrations far higher than the EC-guideline value of 200 ng/1 (table 4.2.3). 
Further, except for anthracene, all 13 EPA-PAHs which were analysed could be 
detected in the pipe rig during the experiment. The maximum concentrations reached 
values of 1,123 ng/1 at M4, 715 ng/1 at M7 and 1,085 ng/1 at M10 (figures 4.2.40 to 
4.2.42)
Table 4.2.3 PAH Concentrations in Drinking Water after four Water Hammers
Fluorene
Phenanthrene < DL < DL
Anthracene < DL < DL < DL < DL < DL < DL
Fluoranthene *) 10 280 < DL 240 < DL 370 < DL
Pvrene 10 200 < DL 110 < DL 200 < DL
Benzo(a)anthracene 10 86 < DL 40 < DL 73 < DL
Chrysene 10 98 < DL 67 < DL 84 < DL
Benzo(b)fluoranthene *) 10 130 < DL 48 < DL 82 < DL
Benzo(k)fluoranthene *) 10 62 < DL 21 < DL 42 < DL
Benzo(a)pyrene *) < DL < DL < DL
Dibenz(ah)anthracene < DL < DL < DL < DL
Benzo(ghi)perylene *) < DL < DL < DL
Indeno(l,2,3-cd)pvrene *) < DL < DL < DL
*) Indicator PAHs of the EC-Guideline < DL = below the limit of detection of 10 ng/1
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The level of the PAH concentrations was significantly influenced by the number of 
water hammers carried out. For this investigation, samples were collected at M4 after 
each pressure wave. The results shown in figure 4.2.46 and table 4.2.4 indicated 
clearly, that after four water hammers using very usual ranges o f pressure, all 13 
PAHs could be detected, whereas after the first water hammer only fluoranthene, 
pyrene, and chrysene have be detected. It should also be recognised that 
benzo[a]pyrene occurred in a concentration of 68 ng/1; this is regarded as the most 
carcinogenic PAH
Figure 4.2.46 Effect of the Number of Water Hammers on the Occurrence of PAHs 
at M4
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Table 4.2.4 PAH Values after each Water Hammer Experiment at M4
Poivcvclic Aromatic
H . ffl
Number o
___________
1 L
f W ater Ha 
2nd.
miners at S 
WL4
3rd*
.. .
4th.
Fluorene 10 < DL < DL < DL 11
Phenanthrene 10 < DL 14 72 29
Anthracene 10 < DL < DL 29 < DL
Fluoranthene *) 10 29 77 160 280
Pyrene 10 14 44 99 200
Benzo(a)anthracene 10 < DL 18 33 86
Chrysene 10 10 20 41 98
Benzo(b)fluoranthene *) 10 < DL. 26 38 130
Benzo(k)fluoranthene *) 10 < DL 13 19 62
Benzo(a)pyrene *) 10 < DL 16 25 68
Dibenz(ah)anthracene 10 < DL < DL < DL 17
Benzo(ghi)perylene *) 10 < DL 16 22 71
Indeno(1.2,3-cd)pvrene *) 10 < DL 12 11 71
Total EPA-PAHs
- 29
. ..----------------
160 275
■
682 
i.«
*) Indicator PAHs of the EC-Guideline < DL = below the limit of detection of 10 ng/1
The increase of the turbidity was clearly visible as the samples were taken (picture
4.2.1). The turbidity reached maximum values between 250 and 456 NTU during the 
water hammer experiment (figure 4.2.47). The determination of the mean inorganic 
water chemical constituents revealed, that the vast majority of the turbidity was 
produced by iron closely followed by calcium. The minor compounds were 
magnesium, manganese and aluminium (table 4.2.6). The analytical examination of the 
encrustation on the pipe walls revealed that these inorganic constituents are able to 
adsorb a vast amount of the PAHs (table 4.2.5). For this examination the upper layer 
of the corrosion protection layer was removed without reaching the coal-tar surface at 
M4 and M7. Due to the less formation of the corrosion protection layer at M10 the 
removal of minor particles of the coal-tar from the internal lining could not be 
avoided. Corresponding to the results achieved in the previous experiments 
fluoranthene and phenanthrene were the PAHs predominant in the encrustation, 
followed by pyrene, chrysene or benz[a]anthracene (figure 4.2.48) But the results
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presented in table 4.2.5 showed clearly that the corrosion products on the internal 
surface of the pipes are able to adsorb PAHs which can be washed out when the 
hydraulic regime changes or if the biofilm matrix is destabilised during the chlorination 
of the water.
Plate 4.2.1 Visible Increase of the Turbidity During the Water Hammers
Figure 4.2.47 Development of the Turbidity During the Water Hammers at Sample 
Points M4„ M7 and M10
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Table 4.2.5 PAH Concentrations of the Encrustation of the Pipes installed in the Pipe 
Rig
Polycyclic Aromatic 
Hydrocarbons 
in ng/kg
DL pipe number
M4 M7 M10
Fluorene 10 a) a) a)
Phenanthrene 10 50.000 160.000 700.000
Anthracene 10 14,000 36.000 640.000
Fluoranthene b) 10 106.000 640.000 1. 100.000
Pyrene 10 56.000 440.000 670.000
Benzo(a)anthracene 10 16.000 300,000 370.000
Chrysene 10 20.000 300.000 280.000
Benzo(b)fluoranthene b) 10 13.000 220.000 170.000
Benzo(k)fluoranthene b) 10 5.000 12.000 80.000
Benzo(a)pvrene b) 10 10.000 192,000 130,000
Dibenz(ah)anthracene 10 nd 26.000 10.000
Benzo(ghi)perylene b) 10 7.000 128.000 60.000
Indeno(l,2.3-cd)pyrene b) 10 nd 122.000 50.000
6 Indicator PAHs EC-Guideline 141,000. -i : T. • ■ I**'*’ 1,314,000 1,590,000
Total EPA - PAHs - 297,000 2,576,000 4,260,000
*) sample volume not sufficient for determination ) six indicator PAHs of EC-Guideline (1980)
Figure 4.2.48 Percentage Composition of PAH Profile of the Encrustation
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Table 4.2.6 Elements in the Water After four Water Hammers
C lA m a n t i ijLiemenis
m n /k se lrv x c ig h «) M4
Sample Point
M7 M10
Calcium Ca 163 55 78
Magnesium Mg 15 3.5 5.9
Manganese Mn 3.9 11 6.6
Iron Fe 201 377 297
Aluminium Al 2.0 3.3 4.4
Method of Detection: ICP/OES. Sample Preparation: DIN 38414 part 7
4.2.9 Experiment No. 10: Reduction of the pH-Value (Phases 24, 25, 26, 27, 
28a)
Dosage of hydrochloric acid was used for the investigation of the effect of sudden 
change of the pH-value in the water from the 701st to the 735th day. A massive 
in crease of the acidity represents a global change in the environmental conditions for 
the biofilm and it is likely that this change could produce effects as shown in the 
previous experiments.
The decrease of the pH-value to 5 for 7 days (701st to 707th day) resulted in slightly 
elevated PAH concentrations in the next water sample taken at M4 and M10. A 
further reduction of the pH-value to 4 (708th to 714th day) resulted in a further 
increase of the PAH concentrations. The highest concentrations were observed at M4 
with 115 ng/1 when the pH-value was changed to 3 (715th to 735th). In the other 
water samples the peak value (63 ng/1 at M7 and 56 ng/1 at M10) was found in the 
water samples before the pH was adjusted to 3 (figure 4.2.49 to 4.2.51).
The results clearly indicate, that the sudden production of conditions where bacteria 
can not survive is also linked to a period of significantly elevated PAH concentrations. 
The PAH concentrations begun to decrease when the pH-value reached a normal 
value. PAH free water was analysed first at M7 one day after the dosage of 
hydrochloric acid ceased The PAH profile is characterised by the occurrence of 
phenanthrene and fluoranthene in all water samples, and pyrene in the samples of M4 
and M7 in a minor amount (figure 4.2.52 to 4.2.54). The fraction of the adsorbed 
PAHs was 54 % at M10, 70 % at M7 and 80 % at M4.
The development of the iron concentrations was in contrast to the development of the 
pH-value. The maximum concentrations found ranged from 0.89 mg/l at M l0 to 1.95 
mg/l at M4. An enhancement of the iron concentration was observed during the whole 
period of low pH-values. The results are shown in the figures 4.2.49 to 4.2 51
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Figure 4.2.49 Experiment No. 10: Reduction of the pH-Value (Phases 24, 25, 26, 27, 
28a), Sample Point M4 - Effect on the PAHs, Iron and pH-Value
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Figure 4.2.50 Experiment No. 10: Reduction of the pH-Value (Phases 24, 25, 26, 27, 
28a), Sample Point M7 - Effect on the PAHs, Iron and pH-value
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Figure 4.2.51 Experiment No. 10: Reduction of the pH-Value (Phases 24, 25, 26, 27, 
28a), Sample Point M4 - Effect on the PAHs, Iron and pH-value
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Figure 4.2.52 Experiment 10: PAH Profile During the Reduction of the pH-value, 
M4 (samples below the detection limit were not depicted)
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Figure 4.2.53 Experiment 10: PAH Profile During the Reduction of the pH-value,
M7 (samples below the detection limit were not depicted)
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Figure 4.2.54 Experiment 10: PAH Profile During the Reduction of the pH-value, 
M10 (samples below the detection limit were not depicted)
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4.2.10 Experiment No. 11: Dosage of Chloroform (Phases 28b, 29, 30)
The dosage of chloroform was carried out over a period of 8 days (figures 4.2.55 to 
4.2.57) commencing with the 821st day and ending with the 828th day. This 
compound was selected because it occurs as a disinfection by-product during the 
chlorination and because chloroform acts as a good solvent for coal-tar. Furthermore, 
the dosage of chloroform under safety aspects was much more suitable than using 
another trihalomethane. The adjustment of the chloroform dosage was made by using 
a stock solution having concentrations in the range of the maximum of the solubility 
of 7 g/1 at 12 °C. This stock solution was pumped into the dosage point of the pipe rig 
and a concentration between 850 pg/1 and 3700 pg/1 was reached in the water of the 
rig. Due to the separation of the two phases solvent / water and due to the greater 
density of the solvent a stable dosage concentration could not be achieved. But the 
concentrations found in the chloroform experiment were sufficient to study the effect 
of a trihalomethane in the water distributed through coal-tar lined pipes, because the 
concentrations used were in excess of the maximum concentration of the EC- 
Guideline for Drinking water Quality of 10 pg/1. During the experiment the dosage 
was interrupted due to a breakdown of equipment for approximately 4 hours which 
resulted in extremely decreasing chloroform concentrations in the range of 3 jng/1. 
This value was not included in the data set of the experiment.
The results clearly indicate, that the dosage o f chloroform which is usually found as 
a disinfection by-product \\>as not able to promote an increase o f the PAH 
concentrations at M4 and M7 because all determinations made were below the 
detection limit. This is also valid for M10 with the exception of one sample in which a 
total PAH concentration of phenanthrene (11 ng/1 at a detection limit of 10 ng/I) was 
found (figure 4.2.58). This concentration can be regarded to be not significant as an 
effect due to the dosage of chloroform. All other parameters determined, showed no 
influence during the experiment (appendix 2).
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Figure 4.2.55 Experiment No. 11: Dosage of Chloroform (Phases 28b, 29, 30), 
Sample Point M4 - Effect on PAHs and Oxygen Concentrations
pipe rig  V14 experim en t 11
d u ra tio n  [d a y s]
Figure 4.2.56 Experiment No. 11: Dosage of Chloroform (Phases 28b, 29, 30), 
Sample Point M7 - Effect on PAHs and Oxygen Concentrations
duration [days]
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Figure 4.2.57 Experiment No. 11: Dosage of Chloroform (Phases 28b, 29, 30), 
Sample Point M10 - Effect on PAHs and Oxygen Concentrations
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Figure 4.2.58 Experiment 11: PAH Profile During the Dosage of Chloroform, M10
M4 (samples below the detection limit were not depicted)
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4.3 Biofilm Experiments
4.3.1 Batch Experiments using Coal-Tar Coated Slides
4.3.1.1 Selection of the Coal-Tar Material for the Biofilm Experiments
In order to prove the major hypothesis presented in chapter 1.3, that the biofilm on 
the internal walls of the pipes has protective characteristics, stainless steel slides were 
coated with the coal-tar materials T1 and T2 for the investigation of the influence of a 
biofilm grown on coal-tar coatings (LUCAS 1997), whereas material T3 was excluded 
(described in chapter 3.4.1.2). For the examination of the suitability of the materials 
T1 and T2 for biofilm colonisation, the slides were stored in the water tank (figure
3.4.1) for the batch experiments for three weeks together with uncoated stainless steel 
control slides. The determination of the total cell number showed, that the material T1 
is colonised by approximately 105 cells/cm2 whereas material T2 and the control slides 
showed cell numbers in the range of 104 cells/cm2. PAH degrading bacteria were 
found only on T1 in a concentration of 102 cells/cm2, whereas this species could not 
be found on T2 as well as on the control slides. Therefore, material T1 was selected 
for the experiments because a faster development of a biofilm and a higher number of 
PAH degrading bacteria was expected using material Tl. Furthermore, this material 
was received from real pipes, which were manufactured for water supply during the 
sixties.
4.3.1.2 Leaching Experiments without Biofilm on Slides
The first leaching experiments using slides coated with material T l, showed a high 
scattering of the PAH concentrations in the batch experiments. This can be the result 
of a different roughness of the surfaces and crevices in the coal-tar due to the coating 
process. Therefore all experiments were carried out using only one slide for one 
experiment. All the slides were numbered to ensure a clear identification.
For the determination of the kinetics of the leaching of the PAHs from the coal-tar 
coating, the slides were newly coated and exposed to drinking water in batch 
experiments (2 litre glass bottle) for 30 minutes, as well as 1, 2, 6, 8, 24, 48 and 88 
hours. The concentrations of the 16 EPA-PAHs including acenaphthene, 
acenaphthylene, and naphthalene are shown in table 4.3.1 and figure 4.3.1.
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Table 4.3.1 Dependence of the PAH Concentrations on Duration of the Residence 
Time in the Batch Experiments
duration of the eipenm ent
slide no. 0.5 h 1 h 2 h 4 h 6 h 8 h 24 h 48 h 88 h
4 97 140 1,200 1.800 1,500 3,300 4,700 3,000 6.600
5 190 73 380 1.400 3,200 1.500 2,700 2.600 5,100
6 440 150 430 1.700 1.600 2,100 3,100 3,200 5,500
Figure 4.3.1 Concentration of the Total EPA-PAHs Achieved From 3 Slides
duration o f the leaching experiment (hours)
A correlation coefficient of r2=0.884 was determined from the measured values which 
showed, that the logarithmic regression is appropriate for the correlation of the data.
Similar experiments using coal-tar coated slides with a biofilm formation on its surface 
after a residence time of 24 weeks in the water tank showed, that comparable results 
could not be achieved due to a very high scattering of the values. Presumably, this can 
be the result of a variable thickness of the biofilm grown on the different slides. But it 
was obvious, that the PAH concentrations produced by the colonised surfaces were 
one magnitude of order lower than the concentrations without biofilm formation.
4.3.1.3 Formation of a Biofilm on the Slides
The slides coated with the coal-tar material T1 were stored in the water tank supplied 
with drinking water in order to develop a biofilm on the surface under conditions 
comparable to distribution systems. During the whole period of the experiments, the
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physico-chemical parameters were measured and the flow volume was recorded. The 
mean values of these parameters are shown in table 4.3.2.
Table 4.3.2 Operational Conditions in the Water Basin
parameter measured mean value
temperature 13.0 °C
pH-value 7.3
oxidation-reduction potential 500 mV
flow volume 20 1/h
The conditions in the water tank were constant during the entire experiment. The 
oxidation-reduction potential as well as the oxygen concentrations produced 
conditions where an aerobic metabolism of the microorganisms was possible.
4.3.1.3.1 Investigation of the Biofilm using Microbiological Parameters
The coal-tar coated slides were removed from the tank after a residence time of 4, 8, 
26 and 32 weeks and examined for the microbiological parameters shown in table
4.3.3 and figure 4.3.2. The preparation of the slides was carried out according to the 
method described in chapter 3.1.4.
Figure 4.3.2 Microbiological Parameters of the Biofilm on Coal-Tar Coated Slides
Weeks
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Table 4.3.3 Cell Counts on Coal-Tar Coated Slides
tllU€ toi«! cel! number
: j  1 1  §  g  g |  
[cells/cm ]
HPC o b  R2A
MAT
total Dumber of 
heterotrophic 
bacteria (MPN)
{cells/cm1]
PAH-degrading 
bacteria (MPN).
[cells/cm*]
4 5.2 • 10s 1.8 • 105 6.5 • 102 7.7 • 102
8 6.5 • 105 2.9 • 104 4.5 • 101 1.6 102
26 1.0 • 106 5.6 • 103 1.0 • 103 1.7 102
32 1.2 • 106 7.1 • 102 2.3 • 102 2.3 • 102
In addition stainless steel control slides were also examined using the same methods 
for the determination of the microbiological parameters. These results indicated, that 
the total cell number on the coal-tar coated slides increased to a maximum value of
1.2 x 106 cells/cm2, whereas a maximum value of 3 .9 x 105 cells/cm2 was observed on 
the stainless steel control slides (table 4.3.3 and table 4.3.4).
Table 4.3.4 Cell Counts on Control Slides
time total cell number HPC on R2A 
agar
total number of
bacteria (MPN)
fcelis/cmzl
PAH-degrading 
bacteria (MPN)
28 7.6 • 104 2.9 • 102 9.0 nd*
32 3.9 • 105 00 o K
>
2.3 ■ 101 nd*
* nd: not detectable (<4 cells/ml)
The number of the heterotrophic bacteria grown on low nutrient agar (R2 A) showed a 
maximum after 4 weeks followed by a slow decrease. A maximum of 7.7 • 102 
cells/cm2 after four weeks could be also observed for the PAH degrading bacteria. 
The next time the number of PAH degrading bacteria seemed to remain at a constant 
value of 2 • 102 cells/cm2. It is interesting, that PAH degrading bacteria could not be 
observed on the control slides during the whole experiment. The percentage of the 
PAH degrading bacteria showed a significant increase in relation to the cells grown on 
R2A. The proportion of the PAH degrading bacteria amounted to 1/1,000 of the 
number of heterotrophic bacteria grown on R2A agar after 4 weeks, whereas the 
percentage reached a value of 1/3 after 32 weeks. This result indicates, that for the 
group of PAH degrading bacteria no limitation of the available nutrients or oxygen 
occurred. It is clearly obvious, that a significantly higher number of bacteria can grow
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on the coal-tar compared with the stainless steel control slides, which utilise the PAHs 
in the coal-tar. Therefore this material is a sufficient substrate for the formation of a 
biofilm where PAH degrading bacteria can be found.
4.3.1.3.2 Cell Counts using the Epifluorescence Microscopy
According to the method described in chapter 3.1.6, cells on the slides were stained 
and counted using the photographs of the epifluorescence microscopy.
On the stainless steel control slides 1 x 106 cells/cm2 were found during the first week, 
whereas on the coal-tar coated slides a maximum value of 1.5 x 106 cells/cm2 was 
recorded. The determination of the cell count using the epifluorescence technique was 
employed until the sixth week. After that time, a development of the biofilm 
perpendicular to the surface of the slides occurred, where the cells could be found in 
more than one layer (table 4.3 .5).
Table 4.3.5 Cell Counts using Epifluorescence Photographs
fimo <**41 nn T1 cell count on stainless steel control slide
{ceils/cm*][ weeks J Ic e lls /e m 'l
1 na* 1.0 • 106
2 1.0 • 106 9.5 • 10s
3 1.3 • 106 6.9 • 105
4 1.5 • 106 na*
6 1.2 • 106 na*
* na: not analysed
The photographs of the epifluorescence microscopy at a 1 OOOx magnification showed 
a colonisation of the slides with single cells in the first two weeks (picture 4.3.1 and
4.3.2). The first colonies on the coal-tar surface were observed during the third week, 
followed by a formation of larger colonies during the next weeks (picture 4.3.3 and 
4 .3 .4). Probably due to an increase of the EPS-production, the cell colonies grew in a 
perpendicular direction to the surface of the slides from the 7th week onwards 
(picture 4.3.5 to 4.3.8). Very complex formations of cell colonies could be observed 
until the 29th week, which grew further after the end of the experiment (picture 4.3 .9 
to 4.3.11). The biofilm consisted at this time of cell colonies embedded in EPS and 
non-colonised spots within this biofilm. Single cells as observed in the first weeks 
were scarcely found. In contrast, the stainless steel control slides were only sparsely 
colonised, mostly by single cells during the whole period of the experiment.
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Picture 4.3.1 Stainless Steel Slide after 2 Weeks in the Water Basin, Magnification 
xlOOO
Picture 4.3.2 Coal-Tar Coated Slide after 2 Weeks in the Water Basin, Magnification
xlOOO
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Picture 4.3.3 Stainless Steel Slide after 3 Weeks in the Water Basin, Magnification 
xlOOO
Picture 4.3.4 Coal-Tar Coated Slide after 3 Weeks in the Water Basin, Magnification
xlOOO
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Picture 4.3.5 Coal-Tar Coated Slide after 6 Weeks in the Water Basin, Magnification 
xlOOO
Picture 4.3.6 Coal-Tar Coated Slide after 7 Weeks in the Water Basin, Magnification
xlOOO
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Picture 4.3.7 Stainless Steel Slide after 9 Weeks in the Water Basin, Magnification , 
xlOOO
Picture 4.3.8 Coal-Tar Coated Slide after 9 Weeks in the Water Basin, Magnification
xlOOO
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Picture 4.3.9 Stainless Steel Slide after 24 Weeks in the Water Basin, Magnification 
xlOOO
Picture 4.3.10 Coal-Tar Coated Slide after 24 Weeks in the Water Basin,
Magnification xlOOO
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Picture 4.3.11 Coal-Tar Coated Slide after 29 Weeks in the Water Basin, 
Magnification x 1000
4.3.1.3.3 SEM Micrographs of the Biofilm
Further investigations of the biofilm on the coal-tar coated slides using SEM 
micrographs were made. The slides were examined after a residence time of 12 weeks 
in the water tank. These SEM micrographs revealed, that there is a great variation of 
organisms which colonised the coal-tar tar surface from sparsely distributed single 
cells to accumulations of cells in microcolonies (picture 4.3.12 to 4.3.19). On one 
micrograph a testate amoeba was discovered grazing the cells grown on the coal-tar 
surface (figure 4.3.16)
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Picture 4.3.12 Single Cells, Magnification x 5,000
r  /~
Picture 4.3.13 Single Cells, Magnification x 5,000
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Picture 4.3.14 Cell Colony, Magnification x 5,000
v -> 
r  V.
- X
<— Z-. '
10 pm
Picture 4.3.15 Cell Colony, Magnification x 10,000
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Picture 4.3.16 Testate Amoeba Grazing Bacterial Biofilm, Magnification x 5,000
Picture 4.3.17 Magnification x 10,000
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Picture 4.3.18 Magnification x 10,000
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4.3.1.4 Leaching Experiments with a Biofilm on the Slides
4.3.1.4.1 Batch Experiments
The coal-tar coated slides were removed from the water tank after a residence time of 
14. 17, 19, 25 and 26 weeks. The PAHs leaching out from the coal-tar surface into to 
the water were determined using HPLC-technique. All slides showed colonisation 
with a biofilm which was developed corresponding to the residence time of the slide in 
the tank (chapter 4.3.1.3).
As described in chapter 3 .4.3.1, the slides were inserted in 2 litre glass bottles over 24 
hours during the batch experiments. All tests were carried out in a water bath with a 
constant temperature of 15°C. The pH-value was controlled regularly, and showed a 
pH-value of 7.3 in all samples at the start and pH-values from 7.5 to 7.7 at the end of 
the experiments. During the whole experiment the oxidation-reduction potential 
remained at values of 480 to 500 mV. After this first leaching experiment the biofilm 
was removed from the coal-tar surface using the method described in chapter 3 .1.4. 
After that, the leaching experiment was repeated The results of the experiments are 
shown in figures 4.3.3 to 4.3 .7.
Figure 4.3.3 Leaching Experiments of Coal-Tar Coated Slides Comprising the 16 
EPA-PAHs. Age of the Biofilm 14 Weeks
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Figure 4.3.4 Leaching Experiments of Coal-Tar Coated Slides Comprising the 16 
EPA-PAHs. Age of the Biofilm 17 Weeks
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Figure 4.3.5 Leaching Experiments of Coal-Tar Coated Slides Comprising the 16 
EPA-PAHs. Age of the Biofilm 19 Weeks
5  900
B with biofilm 
□  without biofilm
1600
1800
1500 •
- ,1 2 0 0  • 
ao>
c
5  900 • 
0.
<c
Ul
600 •
300 ■
0  •
25 26
s l id e  no .
27
Figure 4.3.6 Leaching Experiment of Coal-Tar Coated Slides Comprising the 16 
EPA-PAHs Age of the Biofilm 25 Weeks
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Figure 4.3.7 Leaching Experiments of Coal-Tar Coated Slides Comprising the 16 
EPA-PAHs. Age of the Biofilm 26 Weeks
4.3.1.4.2 Influence of the Biofilm Removal
The PAHs leaching out from the coal tar coating showed a significant difference 
between the slides with and without a biofilm on its surface. The PAH concentrations 
of the slides covered with a biofilm ranged between 170 and 1,400 ng/1, whereas the 
removal of the biofilm resulted in higher PAH concentrations between 610 and 6.100 
ng/1. In 80% of the water samples taken after removing the biofilm, the PAH 
concentrations were higher than in the first water samples, using the slides which were 
covered with a biofilm grown in low nutrient drinking water. Only in three 
experiments a small decrease of the PAH concentration was observed. However, in 
these experiments the maximum decrease of the PAH concentrations after removing 
the biofilm from the coal tar coating was below 30 per cent. It can be assumed, that 
these slides did not have a highly developed biofilm and could not achieve protective 
characteristics. But it is clearly obvious, that the removal of the biofilm led to higher 
PAH concentrations and that the biofilm showed protective characteristics which 
prevented the leaching out of PAHs from the coal tar coating.
The relative change in the PAH concentrations after the removal of the biofilm is 
depicted in figure 4.3.8. The horizontal numbering below the x-axis represents the 
slide identification number, the positive numbers above and the negative numbers 
below the bars show the relative change in the PAH concentration after removing the 
biofilm. For example at slide no. 20, the PAH concentration found in the batch 
experiments was 2,340 % higher after removing the biofilm compared to the same 
slide covered with a biofilm. It could be clearly shown, that those slide which were 
covered with a biofilm produced PAH concentrations which were significantly lower 
(between 31 and 2,340 %) than those covered with a biofilm. Only in three cases 
higher concentrations were observed, which resulted in a relative change between 18 
and 28% The statistical evaluation of the data is shown in chapter 4 3 1 4.3
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Figure 4.3.8 Relative Change in the PAH concentrations after Removing the Biofilm
30 0 0  T
-2 8  -1 4  -1 8
1 2 3 19 20 21 25 26 27 28 29 30 31 32 33
slide no.
The fact, that the increase of the PAH concentrations was mainly caused by scraping 
down the biofilm can be excluded, because control slides, which were newly coated - 
and therefore without any biofilm on its coal-tar surface - were stored in a 2 litre glass 
bottle for 24 hours and then treated with the same method for biofilm removal as 
described above. In contrast to the results achieved using slides covered with a 
biofilm, most of these slides showed a significant decrease of the PAH concentrations 
(figure 4.3.9).
Figure 4.3.9 PAH Concentrations of Coal-Tar Coated Control Slides for the 
Exclusion of a "Scraping-Effect".
1 2 3 4 5 6 . 7  8 9 10 11 12
experim ent no.
The relative change in the PAH concentrations of these control slides is depicted in 
figure 4.3.10. In this experiment, the mean value of the change in the positive 
direction (higher PAH concentrations after mechanical treatment of the slides) was 
found to be 41% whereas the mean value of the change in the negative direction
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(lower PAH concentrations) was 55%. It must be emphasised, that the extreme values 
were not so strongly developed as in figure 4.3 .8.
Figure 4.3.10 Relative Change in the PAH concentrations of the Control Slides
-100  -
1 2 3 4 5 6 7 8 9 10 11 12
experim ent no.
4.3.1.4.3 Statistical Evaluation of the Results
The statistical evaluation of the results was made to scrutinise, if the effect, that in 
80% of the experiments higher concentrations of PAHs were detected after the 
biofilm was removed (figure 4.3.8), was only a coincidence or if a significant 
dependence can be verified (significance test). Therefore, the t-test for dependent 
samples was applied. This method is based on equation 4.3.1 where the difference d 
of the both measured values of each slide is calculated. From n differences d  of n 
slides the mean value d  and the standard deviation Sd must be calculated. Applying 
equation 4.3.1 the t-value (rejection boundary limit = level of significance) is obtained.
d i— 
t = — yjn
sa
n = number of pairs of measured values (here
-d = ^ -  
n
FG = n-1 (degree of freedom)
The statistical evaluation for significance allows the decision, if the null hypothesis 
"the effect observed is a pure coincidence" is valid ( that the biofilm removal lead to 
higher PAH concentrations), or if the alternative hypothesis that "the effect observed 
is significant" is true. After the calculation of the degree of freedom FG and the
(equation 4.3 .1) 
: slides with/without biofilm)
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determination of the error probability to a  = 5%, the value for the band of 
significance t(FG/«) can be obtained from the tables of the t-distribution. The null 
hypothesis must be refused, if the t-value exceeds the band of significance of the t- 
distribution (LozAn 1992).
1. Determination of the significance of the PAH concentrations with / without biofilm 
(figure 4.3.8)
number of values: n — 15 (see figures 4.3.3 to 4.3.7)
degree freedom: FG =14
calculation of the differences d, d , and the standard deviation Sd:
d  = 1773
Sd = 1806
t-value: t = 3.80
band of significance : t(i4/o.os) = 2.15
The t-value exceeds the band of significance t(i4/o.o5)- Therefore the null hypothesis 
must be refused and the alternative hypothesis " the effect is significant" is valid.
2. Determination of the significance of the PAH concentrations after treatment with a 
rubber swab (figure 4.3.10)
number of measured values: n = 12 (see figure 4.3.9)
degree of freedom: FG =11
calculation of the differences d, d , and the standard deviation Sd:
d  = 3433 
Sd = 5713
t-value: t = 2.08
band of significance: t(n/0.05) = 2.20
The t-value is below the band of significance t(i 1/0.05). Therefore the null hypothesis 
is valid: "The results obtained showed no significant dependence and must be 
regarded as obtained by coincidence."
The statistical evaluation proved, that the effect of producing higher PAH 
concentrations after removing the biofilm is significant, and that the method of 
removing the biofilm showed no significant effect on the results. Furthermore, the 
experiments described in the later chapters have clearly shown, that in agreement with 
the hypothesis described in chapter 1.3, a biofilm matrix on a coal-tar coating has
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protective characteristics. The removal of this biofilm resulted in a significant higher 
leaching rate of PAHs.
4.3.1.5 Leaching Experiments with a Biofilm on the Slides Using 
Chlorinated Water
Three slides were removed from the water tank after a residence time of 16 weeks for 
the determination of the PAHs leaching out from the coal-tar coating. All slides 
showed a colonisation with a biofilm which was developed corresponding to the 
residence time of the slide in the tank (chapter 4.3.1.3).
According to the previous experiments, the PAH concentration after a residence time 
of 24 hours in a 2 litre glass bottle was determined. After that, the slides were 
removed and stored for another 24 hours using the same equipment as before, but 
exposed to chlorinated water with an initial concentration of 0.6 mg/1 free residual 
chlorine. Immediately after this experiment was carried out, the slide was exposed to 
non-chlorinated water for 24 hours again. This procedure was repeated three times, 1, 
2, and 8 weeks (respectively 4 weeks) after the exposure to chlorinated water. 
Between the batch experiments the slide was inserted in the water tank. Table 4.3 .6 
shows the course of the different batch experiments.
Table 4.3.6 Course of the batch Experiments using Chlorinated Water
...vV.-'
course of the batch 
exneriments
1
2 0 0 0.6 mg/1
3 1 day 1 -
4 1 week 1 week -
5 2 weeks 4 weeks -
6 8 weeks - -
The experiments were carried out in a water bath with a temperature of 15 °C. The 
pH-value showed a constant value of 7.3 during the whole experiment. The free 
residual chlorine concentration decreased from 0.6 to 0.43 mg/1. The results are 
shown in figure 4.3.11.
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Figure 4.3.11 PAH mobilisation from coal-tar coated slides using chlorinated water. 
Age of the biofilm: 16 weeks
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These experiments were carried out with slides which had a residence time of 27 
weeks in the water tank. From the epifluorescence investigations it could be shown, 
that these slides exhibit a greater formation of a biofilm on the coal-tar coating than 
the series shown in figure 4.3.12. The temperature during the experiment was 15 °C, 
the pH-value increased from 7.3 to 7.6 during the experiment. The free residual 
chlorine concentration was 0.51 mg/l at the start of the experiments which decreased 
to a value of 0.37 mg/l during the last batch experiment after 8 weeks. The results of 
the PAH determinations are shown in figure 4.3.12.
Figure 4.3.12 PAH mobilisation from coal-tar coated slides using chlorinated water. 
Age of the biofilm: 27 weeks
s l id e  n o .
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The results clearly indicate, that the exposure of the coal-tar coated slides to 
chlorinated water resulted in enhanced PAH concentrations in most of the samples 
within the next two experiments, in particular when the biofilm was higher developed 
due to the longer residence time of 27 weeks of the coal-tar coated slides in the water 
tank. During the experiments using the slides covered with a biofilm which was only 
16 weeks old, a higher scattering of the PAH concentrations was observed.
However, except for one water sample, the maximum PAH concentrations were 
found within one day and one week after the chlorination experiment. Presumably, 
this delay was the result of the special conditions during the batch experiments, where 
no flow velocity was present. After four weeks a decrease of the PAH concentrations 
was recorded in most of the experiments.
4.3.2 Biofilm Reactor Experiments
The circular, continuously flowing reactor was used to simulate the effect of 
chlorinated water on coal-tar coated slides covered with a biofilm under conditions 
where a certain flow velocity is present. These shear forces which attack the biofilm at 
a certain flow velocity, could be adjusted by the rotation velocity of the inner cylinder 
which carried the test slides.
4.3.2.1 Preliminary Experiments using the Biofilm Reactor
For the investigation of the distribution of the biomass on the slides inserted in the 
biofilm reactor, preliminary investigations were carried out using Nutrient Broth as a 
nutrient source. These investigations were carried out in co-operation with the 
Institute for Water Chemistry and Water Technology (IWW), Mulheim-Ruhr. As 
reported in LUCAS (1997), the reactor was operated with 300 rpm using the nutrient 
source in a concentration of 40 mg/l for five days. The bacteria were stained with 
Acridine Orange or DAPI on the stainless steel slides and epifluorescence microscopy 
was applied for the determination of the distribution of the biomass.
During the first 24 hours the biomass showed a constant distribution on the slides. No 
gradients of the total cell number in the horizontal and vertical direction were 
observed. After the development of a biofilm consisting of more than a monolayer, a 
significant gradient of the sessile bacteria on the slides in the horizontal and vertical 
direction was observed. Twice the total cell number was found on the lower half (5.8 
± 1.6 x 106 cells/cm2) compared with the upper half of the slide (2.3 ±  0.8 x 108 
cells/cm2) after five days of operation of the reactor. A similar distribution of the 
biomass could be shown in the horizontal direction. The flow caused the structure of 
the biofilm comparable to a dune-shape. After five days the reactor was evacuated and 
the total cell number was determined The highest values were observed on the slides 
on the rotating inner cylinder having 4.3±1.2 x 10s cells/cm2, followed by the outer 
cylinder (glass) with 1.8±0.4 x 108 cells/cm2. Values of 1.4±0.14 x 108 cells/cm2 were
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found at the bottom and 1.06±0.35 x 108 cells/cm2 on the cover of the reactor. Thus, 
the number of bacteria found on the slides was not representative for the whole 
reactor. This was not expected, because the different materials in the reactor (glass 
walls, coated slides) act as different substrates. But the number of total cells found on 
the slides showed a good correspondence one below each other. It can be concluded, 
that at every time a comparable cell count could be found on the slides.
4.3.2.2 Reactor Experiments using Coal-Tar Coated Slides
The reactor experiments were carried out using 12 slides coated with coal-tar 
(material Tl). These slides were removed from the water tank after a residence time 
of 12 weeks and inserted into the slots of the inner cylinder of the reactor. This 
reactor was operated with a rotating velocity of 100 rpm and fed with non-chlorinated 
drinking water (flow rate 1.5 1/h) for the first 11 days. This phase was followed by a 
chlorination period with a chlorine dosage of free residual chlorine of 0.3 mg/1 from 
the 12th to the 23rd day. At the inlet a free residual chlorine concentration of 0.3 mg/1 
was observed. The chlorine concentrations at the outflow increased to 0.25 mg/1 
seven days after the chlorination started and remained at that value until the 
chlorination ceased. The results of the PAH determinations are shown in figure 
4.3.13.
Figure 4.3.13 PAH Concentrations in the Outflow of the Biofilm Reactor
dura tion  [d]
One day after the chlorination started, the PAH concentrations increased to 500 ng/1. 
During the whole chlorination period the PAH concentrations reached values of 350 
to 450 ng/1. After the chlorination ceased, a decrease of the PAH concentrations 
during the next three weeks to values of 100 to 150 ng/1 could be observed. 
Unfortunately, the experiment had be terminated due to problems with the equipment.
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However, this experiment is in unequivocal agreement with the findings observed 
during the field investigations (chapter 4.1): the chlorination of coal-tar coated 
surfaces lead to a rapid increase in the PAH concentrations which reached a stable 
value and decreased slowly after the end of the chlorination period (M aier  et. al 
1996, Maier  et. al. 1997).
Figure 4.3.14 Development of the Microbiological Parameters During the 
Chlorination of the Water in the Effluent of the Rotating Biofilm Reactor
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number
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The development of the microbiological parameters is shown in figure 4.3.14. The 
total cell number was nearly constant during the whole experiment. The number of the 
heterotrophic bacteria (MPN) and the PAH degrading bacteria (viable cells) decreased 
when the chlorination started, and increased at the end of the chlorination period. The 
PAH degrading bacteria showed stable values, but one power to ten below the values 
measured before the disinfection started. This can be interpreted as a further 
confirmation of the hypothesis, that the chlorination lead to the reduction of the 
microbiological activity which resulted in a release of PAH containing biomass and 
particles.
4.3.3 Investigation of the Pipe Rig for Biofilm Colonisation
In addition to the laboratory experiments, the colonisation of the internal pipe walls of 
the pipe rig was examined. For this purpose, the pipe rig was dismantled at the 683rd 
day and pieces of each pipe were cut down which were examined with laboratory 
techniques. The internal pipe walls of section 1 and 2 showed no significant change 
during the operation in the pipe rig. However, section 3 showed a visible layer of 
iron-oxide products on the pipe wall which were not existent when the pipes were 
installed in the rig. The analytical examinations were made at the Institute for Water 
Chemistry and Water Technology (IWW) in Mulheim, Ruhr, and the SEM-
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Micrographs were made at the Max-Plank-Institute for Metal-Research in Stuttgart.
4.3.3.1 Number of Heterotrophic Bacteria
The encrustation was removed from the coal-tar surface with a sterile scalpel. 
According to the American Standard Methods, the number of heterotrophic plate 
count on R2A-agar at 20°C after 7 days was determined as described in chapter
3.1.9.2 (table 4.3.7).
Table 4.3.7 Water Content and Heterotrophic Plate count (R2A) of the Encrustation 
of the Pipe Rig
surface ren 
(cm1)
loved
“
heterotrophic plate
1 9 37 7107
2 6 24 5107
3 20 55 S3 o 0
0
4.3.3.2 Microscopical Examinations
The encrustation in section 1 was very much developed and of an irregular shape. The 
microscopic examinations showed less colonisation by bacteria but very many 
particles exhibiting a circular, crystalline, and amorphous structure (picture 4.3.20). 
The encrustation of section 2 was of a regular shape and colonised by single rod­
shaped bacteria and brownish-black particles which exhibited a structure which is 
typical for bacteria releasing iron-compounds (picture 4.3.21). Section 3 showed no 
typical encrustation but a layer of products coming from iron-dependent bacteria such 
as Gallionella. Furthermore, a clear colonisation with rod-shaped bacteria was 
observed. Particles were found to be less abundant (picture 4.3.22).
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Picture 4.3.20 Section 1
Picture 4.3.21 Section 2
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Picture 4.3.22 Section 3
4.3.3.3 SEM - Micrographs of the Encrustation
4.3.3.3.1 Section 1
The encrustation on the internal pipe walls of section 1 which was exposed to the 
water, is characterised by loose, amoffhonsdeposits which showed crystals and products 
typical of iron oxidising bacteria. The main elements were identified as iron, calcium 
and sulphur (table 4.3.8).
Table 4.3.8 Results of the Determination of the Main Components using X-Ray- 
Fluorescence-Analysis
Components Elements
Main Constituents Fe. Ca. S
Minor Constituents Mn. Ni, Cu. Si. Cl
Trace Constituents K, Ti, Zn. P
The mineralogical composition of the encrustation was examined using Diffraction 
Analysis. This investigation showed, that the material on the internal pipe walls of 
section 1 is predominantly goethite (figure 4.3.15).
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Figure 4.3.15 Mineralogical Analysis of the Encrustation by Diffraction Analysis
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Picture 4.3.23 SEM-micrograph Section 1, exposed to water, characteristic products 
of iron-oxidising bacteria; Magnification 2000x
Besides crystals and other inorganic deposits, the samples of the encrustation exposed 
to the coal-tar coating were predominantly characterized by products of iron-oxidising
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bacteria. These products were found to occur in the whole depth of the encrustation 
which could be observed at the point of the crack (picture 4.3.24 and 4.3.25)
Picture 4.3.24 SEM-micrograph Section 1, exposed to coal-tar coating, showing 
crystals; Magnification 500x
Picture 4.3.25 SEM-micrograph Section 1, exposed to coal-tar coating, characteristic 
products of iron-oxidising bacteria; Magnification 500x
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4.3.3.3.2 Section 2
The entire surface of the coal-tar coating is covered with a mostly regular, amorphous 
encrustation, which consist predominantly of iron, calcium and sulphur (table 4.3 .9).
Table 4.3.9 Results of the Determination of the Main Components using X-Ray- 
Fluorescence-Analysis
Components Elements
Main Constituents Fe, Ca.. S
Minor Constituents Mn. Ni, Cu, Zn, Si, P, Cl
Trace Constituents K
The mineralogical composition of the encrustation was examined using Diffraction 
Analysis. This investigation showed, that the material on the internal pipe walls of 
section 2 is a mixture of goethite, lepidocrocite and magnetite (figure 4.3 .16).
Figure 4.3.16 Mineralogical Analysis of the Encrustation Section 2 by Diffraction 
Analysis
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It must be assumed that the iron found on the coal-tar surface is also microbial in its 
origin. The side of the encrustation which was exposed to the water shows crystals as
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well as iron products which are presumably the result of the activity of iron-oxidising 
bacteria (picture 4.3.27). The side exposed to the coal-tar exhibited three different 
areas: 1. crystalline deposits, 2. iron deposits of microbial origin, 3. coal-tar -particles. 
These coal-tar particles were found to be very high colonised by bacteria (picture
4.3.28 and 4.3.29).
Picture 4.3.26 SEM-micrograph Section 2, exposed to water, presumably products 
of iron-oxidising bacteria; Magnification 3000x
Picture 4.3.27 SEM-micrograph Section 2, exposed to coal-tar, crystals and products 
of iron-oxidising bacteria; Magnification 2000x
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Picture 4.3.28 SEM-micrograph Section 2, exposed to coal-tar, high population of 
bacteria; Magnification lOOOx
Picture 4.3.29 SEM-micrograph Section 2, exposed to coal-tar, high population of 
bacteria; Magnification 3000x
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4.3.3.3.3 Section 3
In both of the SEM-micrographs of the encrustation products of microbial origin 
could not be found using this technique. The occurrence of those products was 
proved by using microscopic methods.
Picture 4.3.30 SEM-micrograph Section 3, exposed to coal-tar; Magnification 3000x
The determination of the mineralogical components and elements was not possible 
because there was only a slight formation of a encrustation which was not sufficient 
for the investigation using this technique.
4.4 Analysis of Chlorinated PAHs 2 2 8
4.4 Analysis of Chlorinated PAHs
4.4.1 Reactivity of PAHs with Chlorine and Chlorine Dioxide in 
Demineralised W ater
As described in chapter 3.5 the following experiments were carried out to determine 
the potential for the formation of disinfection by-products such as chlorinated PAHs 
(MERKEL 1997). According to the hypothesis presented in chapter 1.3 the experiments 
were carried out under conditions prevalent in drinking water distribution systems. 
Preliminary experiments on the behaviour of PAHs dissolved in water without any 
disinfectant present using the same experimental equipment as for the reaction 
examinations showed, that their concentrations were reduced to about 80 percent of 
the initial value c PA h ,o during the blind-experiments. This decrease of the PAH 
concentrations may be the result of PAHs adsorbed on the experimental equipment 
like glass flasks due to the high partition coefficients of PAHs. Therefore, the 
definition for a reaction of chlorine with PAHs to be significant was set to a decrease 
of 20 % of the initial PAH concentration c p a h ,o -
Table 4.4.1 Concentration of PAHs and disinfectants during the experiments
a: limit value of the German Drinking Water Act
b: maximum concentration of free residual chlorine and of chlorine dioxide respectively
The dosage of PAHs and disinfectants in demineralised water (H2Odcmin) was carried 
out according to the prescribed guideline values in German Drinking Water Act 
(Trinkwasserverordnung 1990). The concentrations used during the experiments 
are listed in table 4.4.1.
4.4.1.1 Reactions of PAHs with Chlorine
The reproducibility of the determinations using the analytical equipment was checked 
in three experiments carried out under the same conditions (PAH concentration, 
chlorine concentration, time, experimental set up). Phenanthrene, fluoranthene and 
fluorene showed no significant change in concentration whereas anthracene was 
reduced to 30 percent of its initial concentration (figures 4.4.1 and 4.4.2).
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Figure 4.4.1 Fluoranthene, fluorene and chlorine in H2Odemin at pH 7 and 10°C 
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Figure 4.4.2 Phenanthrene, anthracene and chlorine in H 2 O d e m i i i  at pH 7  and 10°C 
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During a further experiment where the PAH and the chlorine concentrations varied, 
no significant change in the behaviour of the selected PAHs was observed. Due to the 
excess of chlorine during the experiments the reactions of anthracene were 
independent on the concentration of anthracene and chlorine. A decrease to 35 
percent of its initial concentration was recorded after 24 hours. Because the reaction 
lasted during the whole experiment a significant decay of the anthracene concentration 
was observed after six hours (figure 4.4.3).
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Figure 4.4.3 Fluoranthene, anthracene and chlorine in H2Ode 
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4.4.1.2 Reactions of PAHs with Chlorine Dioxide
The concentrations of phenanthrene and anthracene during the experiments are 
presented in figures 4.4.4 and 4.4.5. Whereas phenanthrene, fluoranthene and fluorene 
showed no reaction with chlorine dioxide, the degradation of anthracene took place 
within the first hours of the experiment. The rate of reaction of anthracene with 
chlorine dioxide appeared to be independent of the disinfectant. The reproducibility of 
these experiments was also secured by carrying out three experiments under the same 
conditions. The rapid decrease of the anthracene concentration was further 
investigated using the fluorescence emission spectrometry (chapter 4.4.5.1).
Figure 4 . 4 . 4  Fluoranthene, phenanthrene and chlorine dioxide in H 2 O d em m  at pH 7  and 
10°C, C p a h , o = 2 0 0  ng/l, different concentrations of chlorine dioxide
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Figure 4.4.5 Fluorene, anthracene and chlorine dioxide in H2Ode 
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4.4.2 Reaction Products
As described in chapter 2.7, the formation of chlorinated and oxidised PAHs was 
reported by LIUKKONEN et. al. (1983), ONODERA et. al. (1989) and JOHNSEN et. al. 
(1989) who carried out experiments at different pH-values and concentration levels - 
(cpah “  1 to 180 pg/1, Cdisinfectant = 1 to 200 mg/1). The conditions during these 
experiments were not comparable to drinking water practice. Due to the high 
mutagenicity of chlorinated PAHs in comparison to their parent PAHs found by 
JOHNSEN et. al. (1989) and BHATIA et. al. (1987) the following experiments were 
focused on these compounds. The results presented in the previous chapters showed 
no reaction of phenanthrene, fluoranthene and fluorene with chlorine and chlorine 
dioxide under conditions and at concentration levels of common practice in drinking 
water distribution systems. Therefore, the chromatograms were only examined for the 
reaction products of anthracene. In all the samples analysed by SPME/GC-MS no 
chlorinated reaction product of anthracene or any other of the selected PAHs was 
detected. The results clearly indicated, that the disinfectants chlorine and chlorine 
dioxide do not act as chlorinating agents at pH 7, because only 
monohydroxyanthracene and anthraquinone were identified by their mass spectra.
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Figure 4.4.6 Mass spectra of anthraquinone and monochloroanthracene
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mass spectra of monochloroanthracene
Furthermore an elevated amount of monohydroxyanthracene was observed during the 
chlorine reaction whereas anthraquinone was the major reaction product in the 
reactions with chlorine dioxide. Chlorine dioxide was the stronger oxidant as a rapid 
decrease of the anthracene concentration was observed (figure 4.4.5). The mechanism 
of reaction proposed in chapter 4.4.6 suggests that monohydroxyanthracene is an 
intermediate of the reaction of anthracene with any oxidant. It takes into account that 
the concentration of anthraquinone rises with the strength of the oxidant. The final 
product is anthraquinone; a further reaction can be excluded because even the 
oxidation of anthracene with chromic sulphuric acid formed anthraquinone only 
(CLAR 1952).
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4.4.3 Reactivity of PAHs with Chlorine and Chlorine Dioxide in Drinking 
Water
In order to verify the results achieved in the previous experiments using demineralised 
water the reactivity of the selected PAHs was studied in drinking water. Therefore 
200 ng/l of each of the PAHs and 0.3 mg/l free residual chlorine respectively 0.2 mg/l 
chlorine dioxide was added into drinking water from the city of Karlsruhe. The results 
are depicted in figure 4.4.7. The concentrations of phenanthrene, fluoranthene and 
fluorene showed no significant change during both of the experiments. The velocity of 
the reaction of anthracene with chlorine dioxide in drinking water was identical to that 
in demineralised water (figure 4.4.4 and 4.4.5) because the major degradation of the 
PAHs took place within the first hours of the experiment. In drinking water the 
reaction of anthracene with chlorine occurs faster than in demineralised water. The 
final concentration of anthracene in figure 4.4.2 is about 30 percent of the initial 
concentration, whereas the concentration of anthracene in drinking water decreased to 
10 percent of its initial value. The reaction in drinking water was terminated after 6 
hours (figure 4.4.7).
Figure 4.4.7 Reaction of PAHs, chlorine and chlorine dioxide in drinking water at pH 
7 and 10 C, Cp a h ,o 200 ng/l, c Chiorme 0.3 mg/l, Cdjonne dioxide-"0.2 mg/l
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As described in MERKEL, Maier, SACHER & MAIER (1997) this observations can be 
explained by the fact that at pH 7 the chlorine in water is mainly hypochlorous acid 
due to the equilibria shown in scheme 1 (see also chapter 2.7.2.1, figure 2.7.1). 
Hypochlorous acid decays to hydrochloric acid and oxygen, decays to hydrochloric 
acid and chloric acid and decays to chlorine and oxygen (scheme 2).
jBui/ '•’i*0®1 •“{“W
o
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Scheme 1 Reactions of chlorine in aqueous solutions
Cl2 + H20  ^    ^  HOC1 + HC1
HOC1 + O K  CIO’ + H20
Scheme 2 Reactions of hypochlowwacid in aqueous solutions
HOC1 ^  »  HC1 + O
2 HOC1 + HOC1 ^ —  »» 2 HC1 + HC103
2 HOC1 ^  Cl2 + O + H20
The decay to hydrochloric acid and oxygen is the most important reaction in aqueous 
solutions; moreover it is catalysed by heavy metal ions like lead, cadmium, nickel etc. 
(H o l l e m a n n  1978). In the drinking water distributed in Karlsruhe (Germany) heavy 
metals are not detectable. But as the plumbing in the laboratory is new the analysis of 
the drinking water yielded elevated concentrations of lead, copper and zinc (table
4.1.2) that in combination with other ionic substances may be catalysed the decay of 
hypochlorous acid. Presumably the oxygen formed in situ as a strong oxidant acts as 
the reactive compound in the reaction of PAHs with chlorine.
Table 4.1.2 Heavy metal concentrations in drinking water*
metal Fe Mo Pb Cd Cu Zn
concentration
(gg/1)
.........
<10 <10 2.1 <0.1 8.5 280
*: elevated concentrations caused by plumbing material.
The degradation of the oxidants in figure 4.4.7 may be caused by the Dissolved 
Organic Carbon (DOC) present in the drinking water of Karlsruhe of about 1 mg/l, 
although the water had been stored after the dosage of disinfectant for one day. 
According to the results achieved in demineralised water the investigation on the 
reaction products confirmed the previous finding that only anthraquinone and 
monohydroxyanthracene can be expected in drinking water.
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4.4.4 Reaction of the PAHs with Chlorine Dioxide during a Pipe Rig 
Experiment
Water which was collected from the pipe rig during the chlorine dioxide experiment 
(experiment 6, chapter 4.2.1.4) was examined for the formation of chlorinated PAHs 
as well as for the concentration of parent PAHs using the SPME GC-MS-technique. 
During that period a dosage of 0.2 mg/l chlorine dioxide into the water of the pipe rig 
was carried out at a flow velocity of 0.01 m/s. The results are shown in table 4.4.3.
Anthraquinone and monohydroxyanthracene were determined as the sole reaction 
products in the water samples of the pipe rig. The absolute values for the different 
sections of the pipe rig can not be compared to each other because the water samples 
were taken at different times. But in all investigations the ratio of the relative peak 
areas of anthraquinone and monohydroxyanthracene was found to be between 2 and 3 
which indicates that the a similar amount of anthracene was degraded in all the 
samples.
Table 4.4.3 PAH Concentrations and Relative Peak Areas of Anthracene, 
Anthraquinone and Hydroxyanthracene
parameter section 1 section 2 flection 3
anthracene 24 < 2 2
fluoranthene 57 8 32
fluorene 11 4 5
phenanthrene 30 11 21
anthracene *) 0.192 0.124 0.196
anthraquinone *) 0.352 0.342 0.495
hydroyanthracene *) 0.378 0.095 nd
*) = relative peak area nd = not detectable
4.4.5 Determination of the Reaction Constants of Anthracene with Chlorine 
and Chlorine Dioxide
In the previous experiments anthracene was the only compound of the four selected 
PAHs that reacted with chlorine and chlorine dioxide. The identification of 
anthraquinone and monohydroxy-anthracene as reaction products are in 
correspondence with the findings of Liukkonen et. al. (1983), Onodera et. al. 
(1989) and JOHNSEN et. al. (1989). In the following section the reactivity of
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anthracene will be investigated and a probable mechanism of reaction will be 
suggested.
4.4.5.1 Rates of the Anthracene Reaction with Chlorine and Chlorine 
Dioxide using Fluorescence Spectroscopy
The experiments for the investigation of the reactivity of anthracene with chlorine and 
chlorine dioxide were carried out using 500 ml of demineralised water, buffered at pH 
7 and stored at 10°C. The experiments were carried out by using cyclohexane as a 
solvent for the PAHs. The determination of the PAHs were made by fluorescence 
spectrometry. The analytical set-up is described in chapter 3.5.3.
Figure 4.4.8 Kinetics of the Reaction of Anthracene with Chlorine and Chlorine 
dioxide, determination using the fluorescence spectrometric method (A ,exc= 2 4 7  nm, 
? W = 3 7 8  nm, C a n t , o = 2 0 0  ng/l)
tim e /m in Vmhtm
A second order rate law was applied by M erkel et. al. (1997) for the description of 
the reaction as there were two reactive species present (equation 4.4.1): The first term 
(reaction constant k) describes the reaction in darkness, the second term (reaction 
constant k*) takes into account the radical reactions that take place in the presence of 
light.
d[ANT\ ¥r^ , , r , P (equation4.4.1),  _L = k[Ci2 ][ANT] + k'[C l2 ][ANT]
Because the experiments were carried out in darkness the second term of the equation 
can be neglected. Due to the excess of disinfectants their concentration should remain 
constant throughout the whole reaction period. This assumption was confirmed by the 
results presented in section 4.4.1, because no decrease of disinfectant was measurable. 
Thus the reaction can be described using a pseudo-first order rate law:
(equation 4.4.2)
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The reaction constant k ’ of pseudo-first order is the product of k  and the 
concentration of the disinfectant:
&'=&[C/2] in 1/s (equation 4.4.3)
The integration of equation (4.4.2) leads to
with i [ANT  ^ i-i,- I n — —  ~ = k'-t [ANTJ
[ANTe\ = [ANT\(t = 0)
(equation 4.4.4)
The reaction of anthracene with chlorine or chlorine dioxide follows this pseudo-first 
order kinetic. Thus the log (anthracene concentration) as a function of time leads to a 
linear correlation. The results of the experiments are presented in the figures 4.4.9 
where (only the black symbols were used for the calculation of the correlation 
curves).
Figure 4.4.9 Reaction of anthracene with chlorine and chlorine dioxide,
C a n t , o = 2 0 0  ng/l
time/min time /min
The reaction rate of anthracene with chlorine was not dependent on the chlorine 
concentration whereas the plots for chlorine dioxide showed a strong influence of the 
chlorine dioxide concentration on the rate of reaction (figure 4.4.9). The tables 4.4.4 
and 4.4.5 present the constants of the pseudo-first order rate law, obtained from the 
logarithmic diagrams, and the calculated constants for the second order rate laws 
according to equation 4.4.1.
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Table 4.4.4 Calculation of the reaction constants kci in eq. for the reaction of 
anthracene with chlorine (4.4.2)
reaction constant 
kci ’ /m in1 
pseudo-first order rate law 
(equ. 4.4.2)
Cci
mg/l
Pci
fimol/l
reaction constant 
ka /(I mot1 min1)  
second order rate law 
(equ. 4.4.1)
0.010
0.1 1.41 7100
0.29 4.08 2450
0.56 7.89 1250
Table 4.4.5 Calculation of the reaction constants ka02 in eq for the reaction of 
anthracene with chlorine dioxide. (4.4.2)
reaction constant 
k'no/m iri1 
pseudo-first order rate law 
(equ. 4.4.2)
ccio2
mg/l
Pcio2
fimol
//
reaction constant 
kcxq2 /(I m ot1 min1)
second order rate law 
(equ. 4.4.1)
0.033 0.05 0.73 46200
0.109 0.22 3.27 33400
0.198 0.45 6.64 30000
The graphical evaluation of the constants k 'clQi for the reaction of anthracene with
chlorine dioxide at 10°C (including zero) in figure 4.4.10 lead to an average value for 
kCK>2 of 30700 l/(mol min). This value has the same magnitude of order as the value
reported by R a v - Ac h a  & Ch o sh e n  (1987) who studied the reactivity of anthracene 
with chlorine dioxide at 20°C.
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Figure 4.4.10 Reaction constants k 'c{Qi as a function of the chlorine dioxide 
concentration (table 4.4.5), kcl0i is obtained from the slope of the linear function
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From the determination of the reaction constants it is clearly obvious, that the 
degradation of anthracene with chlorine and chlorine dioxide under conditions and at 
concentrations found in drinking water distribution systems followed a pseudo-first 
order kinetic. The average reaction constant kC\ is about ten times less than the 
constant for the system anthracene/chlorine dioxide kC{0i.
4.4.S.2 Degradation Experiment with Fluoranthene
The experiments on the reaction of chlorine with fluoranthene described in chapter
4.4.1 to 4.4.4 were verified using the fluorescence spectrometry method. According 
to the results achieved using SPME-GC-MS no reaction of fluoranthene was observed 
during 6 hours. In contrast to the experiments for the determination of the reaction 
constants of anthracene which were carried out in cyclohexane the investigation of 
fluoranthene using methanol as a solvent. The results for the reaction of fluoranthene 
with chlorine and chlorine dioxide are shown in figure 4.4.10.
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Figure 4.4.11 Reaction of Fluoranthene at different concentrations of chlorine (left) 
and chlorine dioxide (right), determination using fluorescence spectroscopy (Kexc-210 
nm, Xem=440 nm, C f l a , o = 2 0 0  ng/l)
time /min time /min
The results confirmed the findings presented in chapter 4.4.1 to 4.4.3 which indicated 
that fluoranthene was not degraded by chlorine and chlorine dioxide.
4.4.6 Reaction Mechanisms of Anthracene with Chlorine and Chlorine 
Dioxide
The reaction of anthracene with chlorine and the products formed with chlorine are 
strongly influenced by the pH-value in the solution (OYLER et. al. 1982, OYLER et. al. 
1983, Onodera  et. al. 1989), whereas the reaction of chlorine dioxide is independent 
of the pH value (Harrison et. al. 1976b). As shown in figure 2.7.1 at low pH-values 
the chlorine in the solution is dissolved as molecular chlorine. For that reason the 
formation of chlorinated anthracene follows the mechanism of an electrophilic 
substitution. Experiments at pH 0 proved this assumption: Monochloroanthracene 
was the major reaction product, monohydroxyanthracene and anthraquinone were 
detected as minor products. According to Onodera  (1989) the reaction rate of 
anthracene with chlorine fades to 0 at high pH values. Harrison  (1976b) who 
investigated the reaction of pyrene and benzo(ghi)perylene with chlorine in water 
reported that the reaction obeyed a pseudo-first order kinetic in which the reaction 
constant is defined as
k '= k  [H*)* [HOCl\ .
These results achieved by MERKEL, MAIER, Sacher & Maier (1997) confirmed the 
assumption that the reactions of chlorine and chlorine dioxide with anthracene are 
redox reactions: "The oxygen formed in situ (from the decay of HOC1 to HC1 and 
oxygen, see scheme 2) acts as the oxidant in the reaction of anthracene with chlorine, 
whereas chlorine dioxide directly reacts as the oxidising agent. Scheme 3 shows the 
reduction of hypochlorous acid and chlorine dioxide.
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Scheme 3 Reduction of hypochlorous acid (liberated oxygen as reactive species) and 
of chlorine dioxide
HOC1 + H~ + 2 e ^ ------*■» Cl' + H20
C102 + e’ sdSs CIO2'
If the pH value increases the percentage of chlorine available as hypochlorous acid 
will decrease, thus preventing the oxidation of anthracene.
The oxidation of anthracene with hypochlorous acid or chlorine dioxide is shown in 
scheme 4a (HOC1) and scheme 4b (C102). The formed cation radical is mesomerically 
stabilised and allows the addition of a nucleophil at the 9-, 1- and 2-position of the 
molecule. In the experiments presented in the previous chapters and reported in the 
literature (Shiraishi et. al. 1985, Rav-Acha  & Blits 1985, Oyler  et al. 1987) two 
isomers of monohydroxyanthracene were identified.
Scheme 4a Oxidation of anthracene with hypochlorous acid
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Scheme 4b Oxidation of anthracene with chlorine dioxide
\  5+
§ - / H
{o fr5hH ------ *
- e e -2 H® ------------>,
OH
anthracene + H20 ------► monohydroxyanthracene + 2 H+ + 2 e
The addition of the nucleophile, water leads to monohydroxyanthracene and the 
further oxidation to anthraquinone is shown in the schemes 5 and 7. The formation of 
anthraquinone is presented as an oxidation of monohydroxyanthracene. The electrons 
that are abstracted from the monohydroxyanthracene reaction are used for the 
reduction of either hypochlorous acid or chlorine dioxide (see scheme 3).
Clar (1952) reported that monohydoxyanthracene and its tautomer anthrone (scheme 
6) are both present in aqueous solutions.
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The proposed reaction mechanism is consistent with several observations during the 
experiments. Further investigations investigating the influence of the pH value on 
reaction kinetics have to be carried out to provide confirmation."
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4.4.7 Characterisation of Reaction Products
4.4.7.1 Fluorescence Emission Spectra of the Reaction Products
One part of the investigation of chlorinated PAHs was the application of the 
fluorescence emission spectroscopy on the characterisation of reaction products. The 
fluorescence characteristics of the PAHs will alter if single atoms or groups of atoms 
are added to or substituted at the molecule, because the set-up of the electron system 
changes. As the fluorescence detection is often applied to the PAH analysis in 
combination with HPLC, the effect of chlorination and oxidation on the fluorescence 
emission spectra of the four selected PAHs anthracene, fluoranthene, fluorene and 
phenanthrene was investigated. The excitation and emission spectra of the substances 
listed in table 4.4.6 were measured using a concentration of 1 mg/l of these 
compounds.
Table 4.4.6 PAHs, chlorinated and oxidised PAHs characterized by fluorescence 
emission spectroscopy
anthracene 9,10-dichloroanthracene 9,10-phenanthrenequinone
fluoranthene 1,4-dichloroanthraquinone 9-hydroxyphenanthrene
fluorene 1,5-dichloroanthraquinone 1,4-dihydroxyanthraquinone
phenanthrene 1,8-dichloroanthraquinone 1,8-dihydroxyanthraquinone
1 -chloroanthracene 2,4,7-trichlorofluorene 2,6-dihydroxyanthraquinone
2-chloroanthracene 2,4,7-trichloro-9-fluorenone anthraquinone
1 -chloroanthraquinone 9-fluorenone
2-chloroanthraquinone 2,7-dichloro-9-fluorenone
During the measurement of the excitation spectrum the excitation wave length varied 
and the emission intensity is detected over the whole scan-range. The emission 
spectrum is measured at a constant excitation wave length A,exC) max- In this step the 
emission maximum determined in the previous measurement of the excitation is split 
up into the different wave lengths of emission.
The strong effect of the chlorination and the oxidation on the excitation and emission 
spectra of anthracene is presented in the figures 16 to 18 to show the spectra of 
anthracene, monochloroanthracene and anthraquinone.
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Figure 4.4.12 Fluorescence spectra of anthracene in water
nm
Figure 4.4.13 Fluorescence spectra of 1-chloroanthracene in water
nm
Figure 4.4.14 Fluorescence spectra of anthraquinone in water
The maximum wave lengths of excitation and emission for all substances studied are 
listed in table 4.4.7.
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Table 4.4.7 Maximum wave length of excitation and emission in the fluorescence 
spectra_____________ _ _ _ _____________________________________________
compound Kxc, max /nm max /nm
anthracene 247 496
fluoranthene 206 453
fluorene 201 304
phenanthrene 248 365
1 -chioroanthracene 313 313
2-chloroanthracene 310 311
1 -chloroanthraquinone 383 383
2-chloroanthraquinone 382 381
9,10-dichloroanthracene 249 496
1.4-dichloroanthraquinone 313 312
1. 5 -dichloroanthraquinonc 314 313
1,8-dichloroanthraquinone 314 313
2,4,7-trichlorofluorene 322 323
2,4,7-trichloro-9-fluorenone 316 316
9-fluorenone not detectable not detectable
2,7-cftchion>-9-fluorenone 313 313
9,10-phenanthrenequinone 247 496
9-hydroxyphenanthrene 248 496
1.4-ctihydroxyanthraquinone 318 319
1.8-dihydroxyanthraquinonc 315 314
2,6-dihvdroxyanthraquinone 381 381
anthraquinone 383 383
Some compounds whose names are shaded in table 4.4.7 like monochloroanthracene 
showed only one emission maximum at the same wave length as the excitation 
maximum. Except for 9-fluorenone all the substances listed could be detected by 
fluorescence emission spectroscopy. The results indicated that the application of 
fluorescence detection is also possible for chlorinated and oxidised PAHs. The 
number of substances measurable by HPLC with fluorescence detection can be 
increased if further investigations based on the results presented in table 4.4.7 are 
carried out.
Due to the fact, that the parent PAHs as well as the chlorinated and the oxidised 
PAHs are characterised by two wave lengths (and in combination with HPLC by their 
retention time), the mix-up of PAHs with chlorinated and oxidised PAHs in 
conventional PAH-analysis using HPLC with fluorescence detection can be excluded. 
This assumption was experimentally confirmed. When determining the concentration 
of an aqueous solution containing all the substances listed in table 4.4.6 only the four 
parent PAHs anthracene, fluoranthene, fluorene and phenanthrene were detected.
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4.4.8 Toxicity of Reaction Products
In the experiments described in chapter 4.4.1 to 4.4.3 only anthracene reacted with 
chlorine and chlorine dioxide. In addition to anthraquinone which was proved to be a 
reaction product during the experiments, the toxic effect of all chlorinated and 
oxidised PAHs listed in table 4.4.8 on the luminescent bacteria Photobacterium 
phosphmem and the microcrustaceans Daphnia magna was investigated, because 
Jo h n s e n  et. al. (1989) and Sa n g s t e r  (1989) reported that the bioaccumulation of the 
chlorinated PAH in fatty tissue, approximately expressed by the octanol/water 
partition coefficient KQw is 100 to 1000 times higher than for the parent PAHs.
Table 4.4.8 Chlorinated and oxidised PAHs for toxicity testing
1 -chloroanthracene anthraquinone
2-chloroanthracene 9-fluorenone
9,10-dichloroanthracene phenanthrenequinone
2,4,7-trichlorofluorene 9-hydroxyphenanthrene
The tests applied to investigate the toxic effect of chlorinated and oxidised PAHs 
were carried out according to the German standard methods for the examination of 
waste water (N o r m e n a u s s c h u s s  W a ss e r w e s e n  1997). The concentrations which 
must be used in these experiments to achieve measurable effects are higher than the 
concentrations which can be found in drinking water distribution systems.
4.4.8.1 Toxicity test using the Photobacterium phosphOM/m-as$ay
The tests using the Photobacterium phosphoreum-zssay is based on the ability of the 
test-organisms for bioluminescence. For this purpose blind experiments were carried 
out using only acetone as a solvent which was also used during the experiments. The 
toxicity was measured by the reduction of the bioluminescence of Potobacterium 
phosphortwn after 30 minutes at a temperature of 15°C and a pH of 7. The 
concentration used in the experiments was 0.5 mg/l of the compounds listed in table 
4.4.8. The concentration in per cent at which a reduction of the bioluminescence of 
20 % (EC 20 ) and 50% (EC 50) was observed was calculated from these values. The 
minimum toxicity which could be measured was 20%. The results shown in table
4.4.9 indicated that except for phenantrenequinone and hydroxyphenanthrene none of 
the substances exhibited toxic effects.
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Table 4.4.9 Results of the bioluminescence test using Photobacterium phosphomtm
reduction of the biol m'nescence. <JA ♦
dilution 1:2
. .
EC»,
1 -Chloroanthracene nd. nd nd
2-Chloroanthracene nd nd nd
9,10-Dichloroanthracene nd nd nd
Trichlorofluorene nd nd nd
Anthraquinone nd nd nd
9-Fluorenone nd nd nd
Phenanthrenequinone 40.3% 28.1% nd
9-Hydroxyphenanthrene 35.5% 22.5% nd
nd: no toxicity observed
4.4.8.2 Toxicity test using the Daphnia magna microcrustaceans
The highest concentration of the tested compounds was 1 mg/l. At this concentration 
no substance showed a toxic effect on Daphnia magna. Anthraquinone was the only 
reaction product tested affected neither the luminescent bacteria nor the 
microcrustaceans.
The results of this section should give an orientation of the toxicity of the products 
investigated in the experiments presented in the previous chapters. They are not 
transferable to m«n. The self-repairing mechanisms of human tissue and the effects of 
long-term exposure to the contaminants cannot be stated by these short-term tests 
using the Photobacterium phosphoreum and the microcrustacean Daphnia magna. 
Thus a final toxicological assessment for the studied compounds must be carried out.
4.4.9 Reactivity of the EPA-PAHs
In addition to the experiments carried out using SPME GC-MS an estimation of the 
reactivity of the remainder of the PAHs tested to the PAHs proposed by the US-EPA 
(Go v e r n m e n t  In st it u te  1997) using HPLC-technique was made (table 4.4.10). For 
this estimation no calibration was carried out. The criteria for the determination of the 
reactivity was the decrease in PAH concentration during 24 hours.
The experiments were carried out using 1000 ml dark glass flasks containing 
demineralised water where a buffer and 1 ml of lm Na2S2C>3 was added. The clean-up
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procedure was made with common laboratory techniques. The PAHs were added in a 
volume of 20 pi in a concentration of 10 ng/l as a standard solution dissolved in 
dichloromethane. The experiments were carried out in darkness at a temperature of 10 
°C over a period of 24 hours.
The blind experiments carried out without a disinfectant showed that no reaction took 
place. Therefore a significant decrease in PAH concentration can be assessed as a 
reaction of the disinfectants with PAHs. The results are shown in table 4.4.10.
4.4.9.1 Reaction with Chlorine
The results achieved confirmed the previous results that fluoranthene, fluorene and 
phenanthrene showed no reaction with chlorine. This was also found for chrysene, 
benzo[b]fluoranthene and benzo[k]fluoranthene which showed no significant reaction.
Dibenz[a,h]anthracene, indeno[l,2,3-c,d]pyrene and benzo[g,h,i]perylene are some of 
the minor compounds found in the field investigations and the pipe rig experiments. In 
most of the samples these constituents were not detectable which is in correspondence 
with the values found in the literature. The data obtained for these constituents from 
the two experiments carried out showed a great variation in the results which 
indicated that only a limited reaction can be expected if they occur in water 
distribution systems.
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Table 4.4.10 PAH Concentrations of 13 EPA-PAHs after a Reaction Time of 24 
Hours with and without a Disinfectant
a n  ♦ na AHs in 
200 ms/!
DL* 1st* 2nd1*
sinfectan t
■ ■
1st b1st 2nd1’ 
ee residual
1st* | 2ndb
free residual Cl2 or 
C102
- 0.22 0.25 0.14 0.15
Fluorene 20 200 210 210 200 190 220
Phenanthrene 20 210 210 220 200 200 230
Anthracene 20 200 200 nd. nd. nd. nd.
Fluoranthene c 20 210 210 200 200 190 220
Pyrene 20 210 210 100 100 180 200
Benz(a)anthracene 20 210 200 63 51 79 78
Chrysene 20 210 200 200 180 170 210
Benzo(b)- 
fluoranthene0
20 210 210 200 170 150 210
Benzo(k)- 
fluoranthene0
20 210 210 180 150 130 210
Benzo(a)pyrenec 20 240 240 80 58 23 39
Dibenz(a,h)-
anthracene
20 230 230 230 140 82 250
Benzo(g,h,i)- 
perylene0
20 230 210 200 120 85 210
Indeno(l,2,3- 
cd)pyrenec
20 240 220 200 150 110 220
a) DL = detection limit b) number of the experiment c) six indicator PAHs (EUROPEAN COMMUNITY 1980)
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Figure 4.4.15 Reactivity of the EPA-PAHs with Chlorine Using the Mean Value of 
Two Experiments shown in Table 4.4.10 (chlorine to = 0. 31 mg/l, chlorine t24h 
= 0.24 mg/l and 0.25 mg/l)
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A significant reaction was observed for pyrene, anthracene, benz[a] anthracene and 
benzo[a]pyrene (figure 4.4.15). Further investigations have to be carried out to
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determine the potential for the formation of hazardous disinfection by-products of 
benz[a]anthracene, pyrene and benzo[a]pyrene. The most predominant PAH of the 
reactive compounds, anthracene, was investigated in the experiments described in the 
previous sections.
4.4.9.2 Reactions with Chlorine Dioxide
The experiment with chlorine dioxide gave further confirmation that fluorene, 
phenanthrene and fluoranthene show no reaction with PAHs. This statement can be 
extended to pyrene and chrysene. A significant change in the PAH concentrations was 
observed for anthracene, benz[a]anthracene and benzo[a]pyrene. The graphical 
representation of the mean values of the two experiments carried out for each PAH 
depicted in figure 4.4.16 showed that further investigations are required to reveal if 
the great variation of the results observed for benzo[b]fluoranthene, 
benzo[k]fluoranthene, dibenz[a,h] anthracene, indeno[l,2,3-c,d]pyrene, and 
benzo[g,h,i]-perylene is an indicator for a reaction potential with the disinfectant. Due 
to the fact that these constituents were not found during the field investigations 
(except for one detection of benz[a]anthracene), and occurred only a few times in 
very low concentrations in the pipe rig investigations. An extension of these 
experiments was not carried out in this project. The reaction of the major compounds 
found was shown in the previous chapters.
4.4.9.3 Final Estimation for the EPA-PAHs
Anthracene, benz[ajanthracene, and benzo[a]pyrene were the compounds which 
showed a significant reaction with chlorine and chlorine dioxide. In addition to this, 
pyrene showed a reaction in the chlorine experiments.
No reaction was observed for fluoranthene, fluorene, phenanthrene, chrysene. In 
addition to this no reaction was observed for benzo[b]fluoranthene and 
benzo[k]fluoranthene in the chlorine experiments whereas a slight reaction was 
determined during the chlorine dioxide experiment. The results showed a variation for 
dibenz[a,h]anthracene, benzo[g,h,i]perylene and indeno[l,2,3-c,d]pyrene in both 
experiments where all 13 EPA-PAHs were present in one sample where a final 
decision is not possible.
The determination of the reaction products for fluoranthene, fluorene, anthracene and 
phenanthrene showed that reaction products could only be found for anthracene, 
(anthraquinone and monohydroxyanthracene).
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Figure 4.4.16 Reactivity of the EPA-PAHs with Chlorine Dioxide using the Mean 
Value of Two Experiments shown in Table 4.4.10 (to = 0.19 mg/l, chlorine t24h = 0.14 
mg/l and 0.15 mg/l)
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Therefore the experiments described in the previous sections of chapter 4.4 covered 
the PAHs which are predominant in samples from water which travelled through coal- 
tar linings.
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Further examinations should be carried out to reveal if the reactivity of pyrene, 
benzo[a]pyrene, benz[a]anthracene and benzo[g,h,i]perylene with the disinfectants is 
significant. These compounds are part of the minor constituents which were very 
seldom found in drinking water which had travelled through coal-tar lined pipes (see 
appendix 3).
5.1 Evidence for the Dependence of the Occurrence of PAHs in
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5 DISCUSSION
5.1 Evidence for the Dependence of the Occurrence of PAHs in Drinking 
Water on Disinfection
The findings achieved during the monitoring programme, that PAHs were only 
detected in those water supply zones where the water was chlorinated, could be 
verified very clearly in the field investigations (chapter 4.1). Moreover, the 
dependence of the PAH concentrations on the chlorine dosage was reproducible at 
any time during the project. This effect could be confirmed during the phase of dosage 
of chlorine as well as during the application of chlorine dioxide. Furthermore, the level 
of the PAH concentrations found in the experiments showed a clear dependence on 
the concentration of disinfectants applied to drinking water (figure 5 .1.1 and 4.1.7).
The development of PAH concentrations indicated that immediately after the 
beginning of the dosage of a disinfectant elevated PAH concentrations were observed. 
These values increased to a stable level after some days with deviation to peaks of 
higher concentration. The development of the PAH concentrations after the end of 
each disinfection phase was very different from the beginning, because slowly 
decreasing values could be observed. In some cases, especially after disinfection with 
chlorine dioxide, for a period of four and a half weeks no PAH-ffee conditions were 
found in the distribution system.
The evaluation of the data obtained during the stepwise reduction of the chlorine 
dosage of the field investigations (chapter 4.1.4) showed unequivocally the 
dependence of the PAH concentrations on the dosage of free residual chlorine (figure
5.1.1).
Figure 5.1.1 Dependence of the PAH Concentration on the Dosage of Free Residual 
Chlorine
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This dependence could be confirmed in the experiments using the pipe rig which 
revealed that the flow velocity and its temporary regime during disinfection is an 
additional factor for the mobilisation of PAHs from coal-tar coated pipes. Only a 
slight reaction of the PAHs to the chlorine dosage was observed during the first 
experiments because of the high flow velocity (contact time of the water in the pipes 
was 100 seconds) which was not sufficient to produce stable enhanced PAH 
concentrations. After the flow velocity decreased to laminar conditions and the 
contact time of the water in the pipe rig increased to 15 minutes, the effect of the 
chlorination was comparable to the results achieved during the field investigations 
(figures 4.2.22 to 4.2.24). This was also verified using a continuously flowing biofilm- 
reactor where newly coal-tar coated slides were inserted (figure 4.3.13).
Considering these facts, the dependence of the occurrence of PAHs in drinking water 
distribution systems on the dosage of chlorine or chlorine dioxide could be 
unequivocally proved in the field investigations, in pilot scale pipe rig examinations as 
well as in laboratory experiments.
Based on these results the following principal processes will be discussed concerning 
their responsibility for the mobilisation of PAHs from the coal-tar lining of water 
pipes:
• biological processes such as the presence of a biofilm as a protective layer, 
influence of PAH degrading bacteria
• physical processes such as the diffusion of PAHs from the coal-tar lining into the 
encrustation and the water as well as the effect of the hydraulic conditions
• chemical processes such as the influence of solvents as disinfection by-products 
and chlorine- / chlorine dioxide-reactions
• corrosion processes
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5.2 Principal Factors in the Mobilisation of PAHs from Coal-Tar Lined 
Pipes in Drinking Water Distribution Systems
5.2.1 Biological Processes
5.2.1.1 Biofilm as a Protective Layer
The results described in chapter 4.3 clearly indicated that the coal-tar coating applied 
against corrosion on water mains can act as a substrate for microorganisms occurring 
in drinking water distribution systems. As can be seen in these experiments the growth 
of bacteria on the coal-tar coating of the slides was not very fast but a continuous 
increase of biofilm from a monolayer to a film, which exhibited a different thickness, 
was observed. In the same period the stainless steel control slides showed significantly 
less formation of a biofilm on their surface. After a residence time of 32 weeks in the 
water tank the coal-tar coated slides showed a total cell number of approximately
1.2 106 cells/cm2 whereas the number of the stainless steel control slides were one 
logarithm to the power of ten lower. Due to the fact that the slides were heated before 
the coating procedure it can be assumed that no bacteria were present on the slides at 
that time. This indicates that all the bacteria developing after the coating procedure 
had their origin in the drinking water.
Furthermore, the batch experiments revealed, that biofilms which exist on the coal-tar 
surfaces have a protective effect which was found to reduce the diffusion of PAHs 
from the coal-tar coating of the stainless steel slides into the water (chapter 4.3.1.4). 
This effect was observed even when the coal-tar was colonised very sparsely on its 
surface.
The colonisation of the internal surface of the pipes installed in the pipe rig with 
microorganisms was shown by the investigation using light-microscopy and SEM. 
Cells which formed colonies were sparsely distributed but present on top of the 
surface. It can be assumed that these microorganisms may be embedded in a matrix of 
exopolymer substances (EPS) as described in the literature (FLEMMING 1991, 
COSTERTON 1997). A high colonisation was observed on the side of the rust-layer 
exposed to the coal-tar. Presumably, the whole matrix of the rust-layer is interspersed 
with water channels which enabled the sloughing of biofilm and the transport of 
particles out of the biofilm. The fact that the internal surface of the pipes is a 
biologically active system is also confirmed by the observation of iron products from 
the iron-oxidising bacteria Gallionella.
Therefore, the rapid increase of the PAH concentrations at the beginning of the 
disinfection period can be interpreted either as the destabilisation of the biofilm matrix 
or as a reduction of the degradation activity of the biofilm on the internal wall of the 
water mains caused by the disinfectants. After the disinfection had ceased, the slowly 
decreasing PAH concentrations can be considered as the result of the formation of a 
biofilm on the internal surface of the coal tar lining, which takes a certain time to
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develop protective characteristics. If the biofilm formation has reached a certain stage 
it develops a thickness which produces protective properties.
5.2.1.2 Degradation of PAHs by Microorganisms
The possibility that coal-tar can be utilised by bacteria as a nutrient source was proved 
during the experiments using coal-tar coated slides in the laboratory experiments. 
PAH degrading bacteria were detected on the coal-tar coated slides at a level of 2 102 
cells/cm2 during the whole experiment whereas these species could not be observed 
on the control slides. Furthermore, PAH degrading bacteria were also found in the 
water of the pipe rig. Elevated numbers were flushed out with the water during the 
experiments, especially during the long-term stagnation during experiment 2 (chapter 
4.2.3) and experiment 3 (chapter 4.2.4). The figures 5.2.1 to 5.3.2 show the 
significant increase in the first section (M4) in the first half of the stagnation period of 
PAH degrading bacteria. In the second period the majority of the bacteria found in the 
water is represented by the total cell count. This indicates that in the first half of the 
period the majority of the bacteria flushed out were viable bacteria with the ability for 
degradation of PAHs whereas in the second half an increase of the total cell count 
was observed which represented viable as well as none viable bacteria. The increase of 
the total cell count may be a result of the decrease of the PAH degrading bacteria 
which were flushed out of the pipe rig after the available oxygen was consumed.
Figure 5.2.1 Pipe Rig Experiment 2 (Long Term Stagnation of Chlorinated Water), 
Sample Point M4: Development of the PAH Degrading Bacteria and the Total Cell 
Count
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The occurrence of these bacteria in the water is a sufficient indicator for the presence 
and the ability of microorganisms in distribution systems which can grow on coal-tar 
lined pipes. The SEM micrographs presented in chapter 4 3.3.3 confirmed this 
observation because an increased growth of bacteria could be shown on the walls of 
the pipe rig especially underneath the encrustation at the side exposed to the coal-tar. 
Presumably, these bacteria shown in the pictures (picture 4.3.28 and 4.3.29) represent 
the species adapted to the utilisation of PAHs.
Figure 5.2.2 Pipe Rig Experiment 3 (Stepwise Reduction of the 
Long Term Stagnation of Non-Chlorinated Water), Sample Point 
of the PAH Degrading Bacteria and the Total Cell Count
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5.2.2 Physical Processes
5.2.2.1 Diffusion of PAHs from the Coal-Tar Lining
The hypothesis that the pure diffusion (leaching mechanism) is the only mechanism for 
the contamination of drinking water with PAHs from coal-tar linings must be rejected 
because this process would be independent of the dosage of disinfectant. If such a 
process was the only reason for leaching out of PAHs from the coal-tar lining, 
elevated PAHs would have been observed in section 3 of the pipe rig during the 
whole time of operation, because this lining was previously not in operation and 
therefore not covered with a rust-layer and diffusion would be possible. In addition to 
this, the coal-tar lining of the other sections was covered with a thick rust-layer which 
represents a diffusion barrier or at least complicates the direct leaching of PAHs from
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the coal-tar lining into the water bulk. However, in most cases a very similar 
behaviour of the PAH concentrations in the three sections was observed.
Furthermore, under normal operational conditions the internal lining of the water 
mains is covered with a rust-layer consisting of inorganic compounds and biofilms. 
Therefore, further mechanisms have to be considered as the cause of deterioration of 
drinking water with PAHs from this multilayered, heterogenous and biologically 
active system.
5.2.2.2 Influence of the Flow Velocity
The influence of different flow velocities on the occurrence of PAHs was simulated in 
experiment 3, described in chapter 4.2.4, using the pipe rig. A direct effect of the 
decrease of the flow velocity on the PAH concentrations could not be observed. But a 
slight reaction of the PAHs was observed when the hydraulic regime was changed 
from a flow velocity of 0.1 m/s to 0.01 m/s whereas no effect of the further decrease 
of the flow velocity to 0.002 m/s was recorded.
The results showed that there is no general correlation between the flow velocity and 
the occurrence of PAHs if normal operational conditions are predominant. The 
hydraulic conditions are characterised by the Reynolds number. During experiment 3 
the flow was reduced from 0.1 m/s (which represents a turbulent flow in all three pipe 
line sections, Reioo = 4386, Reiso = 6579) to 0.01 m/s (Reioo = 439, Reiso = 658), and 
in a third step to 0.002 m/s (Reioo = 88, Reiso = 132). Except at the start phase no 
PAHs were found in the non-chlorinated water at all three flow velocities under 
steady state flow conditions.
This can be attributed to the fact, that at a laminar as well as at turbulent flow 
conditions (up to the Reynolds-numbers simulated in the experiments) the water is 
able to supply the biofilm with oxygen which is essential for the survival of the 
bacteria. But, as can be seen during the change of the flow velocity, the slight 
disturbance of the hydraulic regime of the pipe rig by adjusting a valve led to elevated 
PAH concentrations in the drinking water. The experiments shown in chapter 4.2,3, 
4.2.4, and 4.2.8 revealed that at least two factors led to elevated PAH 
concentrations: firstly, the occurrence o f quiescent water accompanied by low 
oxygen concentrations and secondly, the occurrence o f rapid variations in flow  
velocity or pressure following one another, for example caused by water hammers.
If chlorinated water was fed into the pipe rig, an effect of the flow velocity expressed 
by the residence time of the water in the pipe rig was observed. It could be shown that 
a minimum residence time was necessary to initiate the occurrence of PAHs in 
chlorinated water. This can be explained by the fact that the water of the pipe rig was 
exposed to the internal coal-tar coating of the pipe wall with an area of 3.14 m2 and 
4.71 m2 . The contact time of 100 seconds in experiment 2 was not sufficient to 
damage the biofilm on the surface of the pipes. After the residence time was increased 
to 15 minutes PAHs were detected in the water.
5.2.2.3 Influence of Quiescent Water
The experiments 2 and 3 (chapter 4.2.3 and 4.2.4) showed clearly that the long-term 
stagnation of the water led to elevated PAH concentrations. This was observed for 
chlorinated water as well as for non-chlorinated water. Moreover, the examination of 
a stagnation of chlorinated water for 7 hours (chapter 4.2.8) showed that this 
observation is also valid for short-term stagnation periods which are prevalent in 
distribution systems during the night-time.
During these experiments the oxygen concentrations showed an inverse development 
in the PAH concentrations. Elevated PAH concentrations were observed when the 
oxygen concentrations decreased rapidly down to values o f 1 mg/l or lower. This can 
be explained as the oxygen - consumption of the biofilm after the flow velocity 
decreased to zero. The decrease of the oxygen in the water was accompanied by a 
decrease in nitrate concentration in all three experiments which indicates that 
facultatively anaerobic bacteria are utilising the oxygen of the nitrate. When the 
oxygen was consumed, a destabilisation of the biofilm occurred which resulted in the 
release of PAHs adsorbed on the particles of the rust-layer. This is supported by the 
fact, that the turbidity, iron and manganese increased rapidly during the experiments 
(figures 5.2.3 to 5.2.4). Further confirmation for the role of the biofilm was made due 
to the increase of the total cell count during the period of enhanced PAH 
concentrations (figures 5.2.1 and 5.2.2).
Figure 5.2.3 Turbidity vs. PAH Concentrations from the 64th Day to the 162nd Day 
(Chlorination, Stagnation, Reduction of the Flow Velocity) in M4
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5.2.4 Iron Concentration vs. PAH Concentrations from the 64th Day to the 162nd 
Day (Chlorination, Stagnation, Reduction of the Flow Velocity) in M4
i r o n  [m g /l]
5.2.2.4 Influence of W ater Hammer
The production of a water hammer in the pipe rig as described in chapter 4.2.8 
resulted in extremely high PAH concentrations. Furthermore, the turbidity increased 
to values of more than 100 NTU which was in excess of the prescribed guideline 
value of the German Drinking Water Regulation of 1.5 NTU. The examination of the 
turbidity revealed that the majority of the turbidity was represented by iron and 
calcium, and as minor compounds, magnesium and aluminium (table 4.2.6).
During that experiment the total cell count showed also elevated numbers of 
microorganisms in the sampled water. The occurrence of elevated PAH 
concentrations associated with an extremely high turbidity of this origin may be the 
result of high shear forces which attack the internal surface of the pipes. These shear 
forces may attack the biofilm matrix consisting of bacteria, exopolymer substances 
and particles embedded in this matrix. This consideration is confirmed by the fact, that 
the SEM micrographs revealed that the internal pipe wall is colonised by the iron- 
producing bacterium Gallionella which was also found by other authors (Ri d g w a y  &  
OLSON 1981). The iron products from these bacteria and other deposits on the 
internal surface of the pipes may represent a source for contamination with PAHs 
because the analytical examination of the rust-layer of all three pipes showed high 
concentrations of PAHs adsorbed to the products (table 4.2.5) which is in 
correspondence with the results from the analytical examination of the turbidity. It 
must be assumed that an equilibrium between the deposits, the rust-layer and the coal- 
tar lining exists which leads to elevated PAH concentrations in the rust-layer and its 
particles. Therefore, even when the internal pipe walls are covered with a thick rust- 
layer PAHs adsorbed on particles can occur in the water travelling through the pipes. 
Under constant steady state conditions these particles are stabilised by the biofilm
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matrix and adhere to the surface because they are embedded in the exopolymer 
substances.
5.2.2.5 Influence of Particles
In all experiments carried out using the pipe rig the occurrence of elevated PAH 
concentrations was associated with elevated turbidity and iron concentrations. The 
filtration of the samples using a 0.45 pm polycarbonate filter was used to distinguish 
between PAHs which are adsorbed on particles and PAHs completely dissolved in the 
water. The evaluation of the data showed that approximately 60 % of the PAHs are 
adsorbed on particulate matter (figure 5.2.5).
It was not possible to distinguish between particulates of the rust-layer, from the coal- 
tar lining or biofilm material. But based on the results achieved during the water 
hammer experiment it must be assumed that the vast majority of the particles washed 
out of the pipes was of inorganic origin which were previously embedded in the 
biofilm matrix. The particle size found in most of the experiments was not visible fy  
eye but could be noticed as a turbidity of the filter material (figure 5.2.6). These 
particulates contained approximately 75 % of the PAHs at M4, 70 % at M7 and 50 % 
at M10. An example is shown in figure 5.2.7, the percentage of PAHs adsorbed on 
particles for all experiments is shown in appendix 4.
Figure 5.2.5 Pipe Rig Investigations: PAH Concentrations in Unfiltered Samples vs. 
Filtered Samples, All Data Used
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Figure 5.2.6 Pipe Rig Investigations: Turbidity vs. PAH Concentration, All Data
Used
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The particulates found during the pipe rig experiments as well as during the field 
investigations may be embedded in the biofilm matrix. If this biofilm is destroyed, or 
at least suffers a reduction of its characteristics due to the presence of a disinfectant or 
due to the presence of other hostile environmental conditions, these particles were 
released into the water bulk. This was confirmed by the experiments previously 
presented using oxygen - consuming substances and during the rapid decrease of the
pH-value which is also hazardous for the microorganisms in the biofilm or the rust- 
layer. The particles which were found to contain a high amount of PAHs can be 
transported to other places of the distribution system where they stick on the biofilm 
surface or deteriorate the water at the customer’s tap. During their residence time in 
the water bulk contamination of the water is possible due to the fact that the particles 
expose a larger surface to the water bulk than sticking to the biofilm of the pipe walls. 
According to the current state of biofilm research the presence of a biocide does not 
lead to the disappearance of the biofilm but develops a survival strategy where a 
certain microenvironment persists. The tops of tubercles and larger formations of the 
rust-layer which rise into the water bulk were exposed to higher shear forces which 
resulted in the release of particles.
5.2.3 Chemical Processes
5.2.3.1 Influence of Chloroform (Trihalomethane)
The results of the dosage of chloroform (pipe rig experiment 11, chapter 4.2.10) 
showed that even a high dosage of chloroform which is well known as a disinfection 
by-product was not able to enhance PAH concentrations in the drinking water. It 
must be assumed that solvents such as trihalomethanes, which are always present 
during disinfection using chlorine have no effect on the occurrence of PAHs. 
Furthermore, the effect of elevated PAHs was also observed during the absence of 
trihalomethanes using chlorine dioxide for disinfection as well as during the 
experiments using sodium sulfite, hydrochloric acid and during the stagnation period 
of non-chlorinated water. Therefore, the leaching of PAHs from the coal-tar lining, as 
a result of dissolving effects due to the presence of trihalomethanes as disinfection by­
products, is very unlikely.
5.2.3.2 Reaction of Chlorine and Chlorine Dioxide with PAHs
The experiments using a novel sample preparation technique for the detection of 
chlorinated and oxidised PAHs as well as their parent PAHs showed that chlorine and 
chlorine dioxide do not produce detectable amounts of reaction products with the 
four major PAHs found during the field investigations and during the pipe rig 
examinations fluoranthene, fluorene or phenanthrene under conditions prevalent in 
drinking water distribution systems. However, anthracene reacted with chlorine as 
well as with chlorine dioxide. The reaction products with both disinfectants identified 
were anthraquinone and monohydroxyanthracene. Chlorinated products of the parent 
PAHs could not be found in these experiments carried out under conditions prevalent 
in water distribution systems. The reaction time of anthracene with chlorine was found 
to be some hours whereas the reaction with chlorine dioxide lasted only a few 
minutes. A faster reaction of anthracene with chlorine was observed in drinking water 
whereas the reaction with chlorine dioxide was the same magnitude of order as for 
chlorine.
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The estimation of the reactivity of the EPA - PAHs using HPLC technique (chapter
4.4.9.2) indicated that most of the PAHs showed no reaction with chlorine and 
chlorine dioxide.
The results achieved in the experiments using SPME GC-MS were confirmed by 
using the HPLC method and showed clearly, that the direct reaction of the 
disinfectant with the PAHs is not a factor which must be considered to play a role in 
the occurrence of PAHs in drinking water distribution systems. Due to the fact that 
this reaction led to decreasing PAH concentrations it must be assumed that this 
reaction had no contribution to the mobilisation of PAHs from coal-tar lined water 
pipes. Moreover, the reaction of the formation of hazardous substances such as 
chlorinated PAHs can be excluded under the conditions investigated.
5.2.4 Corrosion Processes
The responsibility of accelerated corrosion processes due to the disinfection is also 
unlikely, because the corrosion parameters showed no significant differences during 
the experiments. It was recorded that the water showed a tendency to precipitate 
calcite during all experiments which is necessary for the formation of the CaCO 3 - 
rust-layer. The parameters reported in the German regulations on the corrosion of 
metals (Din 50930) to examine the possibility of scale formation to prevent uniform 
corrosion were met during the experiments in the field and also on the pipe rig (with 
the exception of oxygen concentration during the stagnation periods and the dosage 
of sodium sulfite):
c(02) > 3 mg/l
pH-value as high as possible, but < 8.5
acidity to pH 4.3 > 1.5 mmol/1, if possible > 2 mmol/1
c(Ca2+) >0.5 mmol/1
Due to the fact that all these parameters were met during the disinfection periods 
uniform corrosion as a predominant process can be excluded. Furthermore, the 
presence of chloroform is reported to prevent any corrosion processes of ferrous iron 
by nitrate (KOLLE 1985). This compound was present in all disinfection experiments 
using sodium hypochlorite as a source for the disinfectant.
The formation of pitting corrosion is possible due to the corrosion elements which 
were exhibited by the crevices of the brittle ageing coal-tar material. But a major 
contribution can also be excluded because the "new" pipes installed in section no. 3 in 
the pipe rig showed generally the same behaviour as those of the other sections. 
Furthermore, the parameter of the DIN 50930 for the examination of conditions for 
pitting corrosion was not exceeded during the experiments:
e (C r)  + 2c(S O f) 
acid capacity to pH 4.3
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5.3 Summary
The mobilisation of PAHs from the coal-tar lining of water pipes was found to be 
dependent on the
• production of hostile environmental conditions for microorganisms such as the 
presence of a disinfectant, oxygen-free water or rapid changes in the pH-value
• highly non-steady state flow conditions such as water hammers and maintenance of 
the pipes (adjusting valves)
• and clearly associated with the occurrence of enhanced turbidity- and iron - values 
as a result of particulate matter in the water
It was proved that the PAHs occurring in a distribution system were dependent on the 
level of dosage of chlorine and chlorine dioxide as a disinfectant. The results achieved 
during the experiments indicated that physical-biological processes may be the major 
contributors for enhanced PAH concentrations because the production of hostile 
environmental conditions for microorganisms in the field investigations (by using a 
disinfectant) as well as during the pipe rig investigations ( by the dosage of different 
compounds) showed that elevated PAH concentrations are linked to such situations 
where microorganisms were attacked and survival is difficult. Based on the results the 
following two principal processes are proposed:
5.3.1 Protection Mechanism 
"New" Water Pipes
In "new" pipes the coal-tar may be predominantly covered with the biofilm matrix like 
that found during the laboratory experiments described in chapter 4.3. It can be 
assumed that during the first time of operation of coal-tarred water mains in drinking 
water practice, enhanced PAH concentrations can be observed in every case until a 
biofilm is established on the pipe walls. This biofilm exhibits protective characteristics 
when the biofilm reaches a certain stage of development as observed during the batch 
experiments using coal-tar coated slides. This matrix represents a trap for organic and 
inorganic deposits and particles which may be firmly embedded in the biofilm.
"Old” Water Pipes
If a rust-layer has been developed on the coal-tar lining, a concentration gradient 
between the coal-tar and the inorganic products (mostly calcium, magnesium and 
iron) leads to the diffusion of PAHs into the rust-layer. This process is supported by 
the fact, that the rust layer is interlaced with water channels which are able to 
transport dissolved PAHs from the coal-tar surface to the inorganic material. The 
PAHs show a high tendency to adsorb on the rust layer particles and accumulate on 
these inorganic compounds. This is confirmed by the fact that the analysis of the
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internal corrosion products removed from the pipes of sections 1 and 2 showed a high 
amount of PAHs. A further contribution may occur if the coal-tar ages and exhibits 
brittle characteristics. It may be possible that a corrosion element occurs in the 
crevices of the brittle material and particles of coal-tar may be incorporated in the 
rust-layer which represents a further but minor source for the diffusion of PAHs into 
the rust-layer.
Generally, the rust-layer may be interlaced or covered with a biofilm. The colonisation 
of rust-layers and tubercles with microorganisms was reported by some authors as 
shown in chapter 2.5. This was also proved during the SEM-investigations of the pipe 
line sections. It was found that two different areas were present in the colonisation of 
the rust-layer: the area exposed to the water which was found to be sparsely colonised 
and the side exposed to the coal-tar which was found to be very highly colonised. The 
biofilm on the side exposed to the water is supplied with oxygen and nutrients 
predominantly from the water. The side of the biofilm exposed to the coal-tar can 
utilise the coal-tar as a nutrient source but is supplied with oxygen by the water 
flowing through the biofilm and rust-layer channels.
Figure 5.3.1 Pipe Environment During PAH-Free Conditions "Biofilm Protection 
Mechanism"
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It could be proved that the vast majority of the iron products from the rust layer is 
from the iron oxidising bacterium Gallionella which was found on the pipe walls of 
the pipe rig. The biofilm on the surface and in the water channels represents a matrix 
where particles may be present. These particulates may be embedded in the biofilm or 
stick on its surface. A concentration gradient between the coal-tar lining or the 
"contaminated" rust-layer and the particle leads to the "contamination" of these
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particles. Therefore, a diffusion of PAHs from the coal-tar lining to the biofiim-rust- 
layer-particle system will be present until a concentration equilibrium is reached. But 
the biofilm-rust-layer system exhibits the features of a stable diffusion barrier which 
has protective characteristics if the environmental conditions allow microbiological 
activity (oxygen and nutrients available, no disinfectant). This microbial activity is 
from a wide variety of organisms which produce iron products to organisms which 
can degrade PAHs from the coal-tar substrate. But this community is responsible for 
the protective effect of the biofilm: protection by fixation of organic and inorganic 
particulate matter and protection by degradation and production of substances having 
protective characteristics.
If the rust - layer - biofilm system is damaged due to hydraulic events or maintenance 
work which result in a release of the corrosion products into the water and spots of 
coal-tar were exposed to the water, these areas may be covered with biomass 
comparable to "new" pipes which have protective characteristics.
5.3.2 Mobilisation Mechanism 
"New" Water Pipes
The particles embedded in the biofilm matrix are directly in contact with the coal-tar 
lining which may result in adsorption of PAHs on the surface of the particles. If 
hostile microbiological conditions occur, these particles will be released into the 
water. Moreover, spots of coal-tar will be exposed to the water bulk. If those blank 
spots were present, a direct diffusion of PAHs into the water is possible for a certain 
time until the biofilm is renewed.
"Old" Water Pipes
The occurrence of PAHs in drinking water distribution systems may be determined by 
complex processes but the major factors which were found to influence the
mobilisation of PAHs are firstly, the presence of a hostile environment for
microorganisms such as that present when the oxygen supply is interrupted due to 
stagnant water or the presence of a disinfectant. In these cases the biofilm on the 
internal pipe walls and in the water channels of the rust layer may be destabilised 
which results in a release of particles into the water containing a high amount of 
PAHs. Secondly, rapid disturbances in the hydraulic regime (for example water 
hammer, rapid increase in flow velocity, change in the flow direction) will attack the 
biofilm matrix as well as deposits and particles on the pipe walls by mechanical shear 
forces. This may also result in the release of particles into the water bulk which can
contaminate the drinking water. Thirdly, spots were found in the pipe rig
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Figure 5.3.2 Proposed "Mobilisation Mechanism" in the Pipe Environment to account 
for PAHs Presence in the Drinking Water
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where no rust layer was present. The SEM micrographs showed that these spots were 
highly colonised by microorganisms. The effects explained above can also be applied 
to that case because spots of coal-tar may be exposed to the water bulk. The 
concentration gradient between the drinking water and the coal-tar leads to a diffusion 
of PAHs from the coal-tar lining into the water until the area is covered with a biofilm 
showing protective characteristics (chapter 5.3.1).
The main mechanism which is supposed to lead to enhanced PAH concentrations is 
the release of particles and inorganic aggregations into the water which contain a high 
amount of PAHs adsorbed on its surface. If these particles are present in the water 
bulk a contamination by diffusion of the PAHs into the water may be possible. This is 
supported by the extremely high level of PAHs which were found to be adsorbed onto 
particles if PAH outbreaks were simulated in the pipe rig experiments.
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6 CONCLUSIONS
6.1 Consequences for Water Distribution
Due to the fact that in some regions up to 60 % of the water mains are lined with 
coal-tar which are still in operation, the occurrence of PAHs as reported in some 
drinking water reports is not surprising (E n d s  1996a, EN DS 1996b). The experiments 
described gave new insights into the principal processes for the mobilisation of PAHs 
from these water mains.
Based on the findings reported the following advice can be recommended:
The dosage o f a disinfectant should be orientated to the necessity of its application. 
In some countries of the EC the disinfection of the drinking water before distribution 
is not absolute but orientated to the hygienic safety of the raw water source. It should 
therefore be assessed whether distribution systems or pressure zones can be operated 
without disinfection or lower disinfection dosages. For water resources which require 
disinfection the change to ozone should be considered.
The hydraulic regime is also a major factor which determines the level of PAHs in 
distribution systems. A change in flow direction should be avoided as well as the 
occurrence of water hammers. These events lead to elevated turbidity values which 
are caused by mobilised particles containing high amounts of PAHs.
These particles are able to contaminate the drinking water and exhibit a potential for 
further contamination when transported to other parts of the distribution system. 
Considering this fact, the relining of parts of the distribution system is not promising, 
because contamination of the relining material by PAH loaded particles from other 
areas which were not relined is conceivable. This is one explanation for the fact, that 
elevated PAH levels were observed although the pipes were relined with epoxy-resin 
materials (SMITH 1997).
Stagnation periods in drinking water distribution systems can contribute to elevated 
PAH concentrations as demonstrated in the pipe rig. This must be considered in the 
operational practice: the residence time of the drinking water in coal-tar lined pipes 
must be reduced to a minimum. Moreover, as the experiments indicate, best results 
will be achieved with operational conditions showing a constant laminar flow without 
stagnation times, disturbances and changes in flow velocity.
Maintenance work in coal-tar lined distribution systems may be accompanied by 
elevated PAH concentrations in most cases. The operation of a valve can lead to these 
events. The advantages and disadvantages of the practice of pipe flushing in areas 
where coal-tar lined pipes were installed must be reconsidered because all results 
indicate that this practice leads to extremely high levels of PAHs which will be found 
at the customer's tap.
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The treatment o f the raw water must be sufficient to guarantee that no oxygen-free 
conditions caused by oxygen consuming compounds can occur. This is necessary to 
stabilise the biological activity of the biofilm in the distribution system and to prevent 
its breakdown which would lead to elevated PAH concentrations.
In areas where elevated PAH concentrations occur the creation of operational 
conditions as described above is necessary. In addition to this, activated carbon 
treatment in the distribution system or the application of filtration methods at central 
points of the distribution system must be considered. But the maintenance work for 
these filters must be also considered because an accumulation of the PAH loaded 
particles will occur which can be the source for many other water quality problems, 
especially of microbial nature.
The removal o f coal-tar lined pipes seems to be the most effective method of all, but 
in order to avoid the transport of PAH loaded particles into other parts of the 
distribution system where they can contaminate the water the removal of the pipes 
should happen at the same time. This is not possible in most of the contemporary 
distribution systems. Furthermore, if no effective rehabilitation is possible the costs 
are substantial in comparison to the benefits which can be expected. Moreover, such 
programmes can only be financed by water tariffs. The application of operational 
techniques should be attempted first before replacement programmes are launched.
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6.2 Requirements for Further Investigations
The composition o f the biofilm /  rust-layer - system which was found to have a major 
contribution to the occurrence of elevated PAHs should be investigated in more 
detail. Especially the spatial and temporarily development of the system and the 
participation of the components of the biofilm/rust-layer should be examined. For this 
purpose, techniques developed in biofilm research must be applied in further 
experiments. Furthermore, the characterisation of the microbiology in that system is 
necessary. The application of gene-probes and confocal laser microscopy seems to be 
promising (La w r e n c e  et. al. 1994, Sz e w z y k  1997). In particular the role of the 
exopolymer substances for the fixation of particles and the selectivity of the bacteria 
present for the degradation of PAHs must be investigated.
The characteristics o f the particles which caused an elevated turbidity must be 
investigated in more detail. Important questions are related to the origin of these 
particles and its composition (inorganic, organic, biomass) as well as to the 
temporarily distribution during a PAH event. The size and number of particles should 
be examined. Presumably, a critical size or a preferred composition can be found 
which shows the "most adsorptive effect".
The environmental conditions at the transition area pipe wall /  water phase during 
PAH-free periods compared with situations of elevated PAH levels in the pipes should 
be investigated in more detail. Especially the oxygen profile from the water bulk 
through the rust-layer down to the coal-tar lining must be recorded during the 
disinfection periods. A further parameter which can be determined is the oxidation- 
reduction conditions and composition of iron.
The effect of the disinfection on the pipe walls on the compartments rust-layer, 
biofilm, and particles should be investigated focused on the effect on biofilms 
containing particles under flow conditions.
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8. Abbreviations
ANT Anthracene
DOC Dissolved Organic Carbon
DPD Diethyl-p-phenyldiamine
ECD Electron Capture Detector
EPA-PAHs PAHs proposed by the US Environmental Protection Agency 
for Investigation
FLA Fluoranthene
FLU Fluorene
GC-MS Gas-Chromatography Mass Spectrometry
HPLC High Liquid Chromatography
ICP/MS Inductively Coupled Plasma Mass Spectrometry
ICP/OES Inductively Coupled Plasma Optical Emission Spectrometry
X Wave Length
n.a. not analysed
n.c. not calculated
n.d. not detectable
PAHs Polycyclic Aromatic Hydrocarbons
PHE Phenanthrene
rpm Rotations Per Minute
SEM Scanning Electron Microscopy
SPME Solid Phase Micro Extraction
VOC Volatile Hydrocarbons
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9. Appendix *
1. Field Investigations - Raw Data
2. Pipe Rig Investigations - Raw Data
3. PAH-Profiles in Percent
4. PAHs Dissolved in the Water - Adsorbed on Particles
5. Water Quality Parameters Water A, Water B
6. Biofilm Experiments - Raw Data
7. Chlorinated PAHs - Raw Data
* Footnote:
For economy a sample of the data set is included here. Persons interested in the full data set may 
apply to the author.
In appendix 1, 2 and 6 values below the limit of detection are depicted as "0" in the tables. For the 
range of measurement see chapter 3.1.
Appendix 1 Field Investigations - Raw Data II
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Table 1.2 Fluorene, Phenanthrene - Experiment 4
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Table 1.4 Pyrene - Experiment 4
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445 0 . . ... 0 n.a. n.c.
450
451 0 , 1? ____ _0..... 0 0
452 
456 
459 I
_
-...
0.04
.. I_L_
18
18
,  .... " • !
0
18
........ n,c.
..........18
0
464
470
0.05
0.04
. 0
0
0
0
0
0
478 .. ' 1 12 12 0
485 § S # 9 | j | i 0 _____ o... .. 0
492 ; J  ..... _....... 12 0 12
499 0 ... n.a... .... 7 9 a . ...... n.c.
506 0.03 .....- .  0  „ 0 0
519
U.Uz . 0 ..... . . . 0 ........... 0
520 o 12 0 12
527 o 17 0 17
534 0 ...... 33 ......  16..... ... . 17
_ 5 41 0 ......  22.... 16 6
548 0 21 0 21
555 0 ..........19... 0 19
576 0 n.a. .......n .a . ........ n.c.
583 0 0 n.a. n.c.
m - redaction of the chlorination 0.04 m g/l Cl2
590 o ...... 0.... 0 0
597 0 _.... - 0 _ 0 0
603 .. 
611
0
0
....... JL ...
... i *
0
0
0
13
618 0 ____n.a_____ ....... lie . .
625 0 ..... *1 9 :. .... ... n,a.,.. — ...n.c, ...
632 0 n a n.a. n.c.
639 0 0 0 0
646 0 __ ..9 a ......... . ...... !!.4 ____ . ......n.c. ...
reduction of thechlorination 0.025 mg/l Cl2
653 0 19 0 19
667 0 ...  1 0 ___ 0 _____.Ul____
674 0 0 0 0
681 - 0 _____1.4......... 0 14
688 0 ............ 0........ ... 0 0
695 0 0 0 0
cessation of tlite chlorinatio D
702
709
0
0
.......... o.... _ ....
______0 .....
u
...  n.a.____
u
n.c.
716 0 ...... _ o _____ n.a. n.c.
723 0 o ____.n.jp jff. n.c.
730 0 0 n.a..... . .. n.c. ...
737 0 r .......0 . ....... —  _JU 1.___ n.c.
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Table 1.5 Physico - Chemical Results - Experiment 4
m
Cfcbriw
fat* retd
l - t f l
Curiiii liiilj
\-<\ . V
?  tuswat^v
_  . . . . . Tempera t «  re
.
PCI
0»4>«ton-
V , f-VJ ‘
Oxygen
F«*A]
445 .... ........11........ ____ 7.3 ^ 8 7 0 .09 . . 1 2 . 9 130 n.a.
4 5 0 start of the c
451 ... 0 12____ .. 7 .34 . 702 0 .12  n _  .. 12.8 142 n.a.
452 .... '1.94 7.32 7 06 0 .1 6 12.7 145 n.a.
456 - <U)6_ . 7 .3 5 698 0 .12 13 156 n.a.
4 59 0 .0 4 7.39 598 .... ..... 0 ,4 13.8 168 n.a.
. 404 0 .0 5 7.40 603 ,  0. 15 1 13.7 349 n.a.
4 7 0 0 .0 4 _ __ 1 .4 1 ....... 631 0 .23 ... 13.7 281 n.a.
. 4 7 8 i - 0.06 .. .. . .7... 44.. . 589 „ 0.53 14.4 2 8 8 n.a.
4 85 ____0__ .„ 7,44__ .... .644 ,. . .. . D l l . 14.9 98 n.a.
_ 492 _ 0 .0 5 ___ .7,39___ ,  653 _ . 1 0.1 3 16 34 10.2
.499 0 7 .41 ,  . 634 _ 0.34 16.1 11 8 .6
5 0 6 0 .03 7 .4 6 638 ____o. 18 . ... KM. ... 4 9 10.1
... 513. , .... . 0.02.....] 7 59 598 o i 3 16.9 46 8.8
b
...520 0 7 .3 8 642 j 0 .2 9 17.5 2 7 8.2
527 0 7 .4 ....... 601... 0.48 17.4 ' 33 8.2
53 4 0 7 .3 7 653 ___ .0.41. 16.9 42 8.4
541 0 7 .2 9 ___ 624 j ..... 0.31 1.5.4 48 8.3
548 0 _ _ .7 ..3 1 _ . 6 1 7 0 17 . J.4 .. . _____19 8.1
555 0 7 .3 9 M i . 0 .24 14.9 _ . _...56 8.9
57 6 0 7.4j._ ... ... 588 ........ 0.2 14.3 .. 39 9.3
583 0 7,39 M S___ .... 0,2.9 _ 14.5 I 99 10.5
5S 9 - ' » ; ■  -  ■' { K  a m  m<>/i f ! b  • 1"
5 90 0 7 .4 7 .... .586. .. .0 ,2  3 ...14.2...... 97,. . . 8 .7
5 9 7 0 7.43 ... 611 ..... 0 .3 9 1,1.6. . 45 8 .6
603 0 ____7.41 _ .. 5 78 ... 0.27 . 13.4 57 10.1
L 611 0 7 .6 595 0 .1 5 12.8 61 7.5
6 18 0 L 7.25 6 0 8 0.22 11,7 .  .. 8 4 , 8 .9
625 0 7 .6 2 5 9 7 ..... IL L S ....... . . I0-5 ___ 95 9.1
632 0 7.61 5 7 9 0.15 10.7 78 8 .6
6 3 9 0 7.58 . 5 8 8 . .  1 .3 4 , .  1 ,  9.4____ 103 9.4
646 . J) ___ .7 12.___ 634 0.29 9 .. .....W ...... 7 .6  .
;'8 HftdHcri/m o f  th e  rhinrinattrm i l p  v
6 5 3 0 7.23 604 . .. ..... 0.24 . 8.2 ......... .123......... 9.2
6 6 7 0 7 .2 6 621 0.28 . . .  I ' .. L  J64_ .. . 9 .8
6 7 4 0 7 .2 7 6 2 8 0 .2 6 7 .6 ... 159 __ _ 9 .6
681 0 7 .25 6 3 4 . 0.22 ..... 7,4 .. 142 __ ' 4 .
68 8 0 7.27 61 8 ___ 0.24 . 7.1 152 9 .4
6 9 5 ____ 0____ ..... . ' 1 3 ___ . _ 003 __ . 0,19 7 . 2 1 . ,  . , . 9,5 ...
6 9 9  5 cessation of the chlonnation
702 0 7.45 671 ... 0.22 . 7.1____ ___ 13<; . r„  .....8.6 . .  _
7 0 9 0 7 .2 8 67 0 0 .26 7 .5 . ........166 L ......9.1..........
7 1 6 0 7 .2 7 6 6 8 0.23 . 7.5 207 8,6
723 0 -  7.28 . 020 ....... 0.24 7.6 , t«S _ 8.8
73 0 0 _.......7.26 687____ 0.31 7.5 ... _194........ , 8J.
7 3 7 0 ._ .._7-24_. 6 9 4 __ 0 .2 6  . _ _ _ 7 . 5  .... 2 3 7 _  _ n a, ....
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Table 1.6 Volatile Hydrocarbons - Experiment 4
-
'
M
Chiorittt
fnxrtsd.
Chloroform
If^ l 1 - K?mrtomw
........M ........
Olbron itchiom
luaitl
BftHMO-
form
ifig/ii
TridhJoro
■g b in
TttraddoixF
ethyknc
iMft)
Artat
v o c
lM*»J
445 0 0 0 0 0 0 0.3 0 3
4 5 0 start o f  th e  c h lorination  0 .1 2  mg/i C l2
451 . I U  2_...... 0 0.2 0.6 i 0.3 0.2 ?, 3
452 0 .0 4 0 .... 9 ,7 0 .7 i . i 0.2 0.2 2 4
4 5 6 0 .0 6 0 0 .3 0. l 0.2 0.2 2 4
4 5 9 0 .0 4 0 ___ o j .. 0 .7 l 0 .3 0.2 ? 5
4 6 4 0 .05 0 . 0 .3 0.8 1.7 0.2 0.2 3 1
4 7 0 0 .0 4 0 0.2 0,6 1.2 0.2 0.2 ? 4
4 7 8 0 .0 6 0 .... . 0 .2 , 3 ...m . .....1.7 0 .3 0.2 3 ?.00 0 L ... o _____ . . JV..L.......... 0.6 0 .9 0 .4 0 .5 ?, 6
492 0 .0 5 .........16.U-____ ... n.a.____ ___ n.a. n.a. n.a. n.a. n.a.
4 9 9 0 _ _ n.a_____ ____n ,a ,........ . n.a . n.a. n.a. n.a. n.a.
506 . - J m 3 .1 ...  . ......n.a. . ..... n.a. ....... n.a. n.a. n.a. n.a.
513 © o KJ ____n.a. jo  a. n.a. n.a. n.a.
1 319 reduction  o f  th e  ch lorination  0 .0 6  m g /l O b
520 0 .....  n a. . ____n.a. . n.a n.a. n.a. n.a. n.a.
52 7 0 . . .  n.a......... . .  . n .a ___ n.a n.a. n.a. n.a. n.a.
534 0 0 0 ___ 11 3 0 .9 0.2 0.2 1 6
541 0 0 0 ____0.2 0.8 0 .3 0.2 1 .5
548 0 0 0 *>,- 0 .9 0.2 0.2 1 6
555 0 0 0 0.6 0 .7 0.2 0.2 1 7
5 76 0 ..... . njL......... ... n.a____ _ n.a. n.a. n.a. n.a. n.a.
583 0 0 0 0.2 0 .9 ..9 ,2 0.2 1 5
5 8 9  ; reduction  o f
590 0 0 0 0 .3 1 0 .3 0.2 1 8
5 9 7 0 0 0 ... 0 .2  _ 0.6 0.3 0 .3 1 4
603 0 0 0 0.2 0.6 0 .3 0.2 1 3
611 0 0 0 0.2 0.8 0.2 0.2 ) 4
6 1 8 0 . a a ____ ......JUL. _ . . n .a . n.a. n.a. n.a.
625 0 l_...n .a _____^.... n.a. „ n.a. n.a. n.a. n.a.
632 0 ..... _n.a......... ____ n.a......... n.a. n.a n.a. n.a. n.a.
6 39 0 . ..... n,a, . ____ n.a. . ..... n.a_____ n.a. n.a. n.a. n.a,
6 4 6 0 n.a. . .. JLiL....... J n .a .____ n.a. l____n.a . .. n.a. n,a,
6 4 8 e d u ctio n  o f  th e  ch lorination  0 .0 2 5  m g /l C l2 P i P P t t t i i P
653 0 .. JL .a...... . ....o u u ....... . . ..n.a,. .. .. n.a. . , _. n.a. n.a. n,a,
6 6 7 0 _ .. ..n.a, . . .........n.a,____ ....  n.a. ____n.a. ._ .. n.a. n.a. n,a,
67 4 0 _..n.a. . . ..  n .a .____ .. n , t ...... n.a n.a. n.a. n,a,
681 0 _. njL.. . . .......n.a,...... . . n .a .___ ___ n a , „. _ n .a .____ n.a
688 0 . n .a ____ . .... J U i, . .. .....n,a . . n.a n.a.
..
n.a n.a.
6 9 5 0 n.a. n.a. . . n •> n. a . ____ n.a. _ n.a.
6 9 9 V>x /.-.Up.'-'Uu; u:-U.U y?. cessa d o n o ftb e c h lc m im tk m  | ............... ...... .... ....
7 0 2 0 . n;a.____ ____ n.a. .. n.a. n.a. n.a. n.a. n,a,
7 0 9 0 0 0 0 _ .... 0 . 0.2 1 0 .3 0 ,5
716 0 .. _ n a ____ n.a. ....... n.a. n.a. n.a. n.a. n.a.
. 723 0 ..... n a _ n.a. n.a. n.a. n.a. n.a. n.a.
73 0 0 ____n.a ........ ...n.a.____ ...n.a. . n.a. n.a. n.a. n,a
7 3 7 0 ....  n.a. . .l ... n.a. . n.a ____ n .a .. „ ____n a . . ____JUL n,a,
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Table 2.2 Fluoranthene and Fluorene - Experiment 5
i P P i l
•
FtwofsnthetM
f t U i , _f  :
J T Z mMMm mW
*
TWI....... jM .' ■ ~ ■'
. ^  ■'
^ F>j T ej
■ 2 R —5 S5
----- IMU....... -
g§§g$jpgj,
391 M4 0 n.a. n.c. 0 \ n.a. n.c.
391 M7 0 n.a. n.c. 0 n.a. n.c.
391 M10 0 n.a. n.c. 0 n.a. n.c.
■ . ■ ■ d o a u ' ' ■■ m ii 1 ■ '«
392 M4 0 n.a. n.c. 0 n.a. n.c.
392 M7 0 n.a. n.c. Q n.a. n.c.
392 M10 0 n.a. n.c. 0 n.a. n.c.
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Table 2.3 Phenanthrene and Anthracene - Experiment 5
Point
----------------- 1
Pti>nanttirrnr
____la ta ____
n  *<
r t x id tu d  PP
■ Antimccae -■ 
f l t U l t l i
____M .........
s %
AnthracwM
f i l t e r e d
...... fei3L—
I, „ m
------ latfU— _
391 M4 0 n.a. n.c. 0 n.a. n.c.
391 M7 0 n.a. n.c. 0 n.a. n.c.
391 M10 0 n.a. n.c. 0 n.a. n.c.
392 " i
392 M4
".v."
0 n.a. n.c. 0 n.a. n.c.
392 M7 0 n.a. n.c. 0 n.a. n.c.
392 M10 0 n.a. n.c. 0 n.a. n.c.
393 M4 0 n.a. n.c. 0 n.a. n.c.
393 M7 0 n.a. n.c. 0 n.a. n.c.
393 M10 0 n.a. n.c. 0 n.a. n.c.
395 M4 0 n.a. n.c. 0 n.a. n.c.
395 M7 0 n.a. n.c. 0 n.a. n.c.
395 M10 0 n.a. n.c. 0 n.a. n.c.
400 M4 0 n.a. n.c. 0 n.a. n.c.
400 M7 30 20 10 0 0 0
400 M10 30 30 0 0 0 0
408 M4 40 10 30 0 0 0
408 M7 100 40 60 0 0 0
408 M10 100 50 50 0 0 0
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Day
m  M  m i
. , ...rRerominmie FtMMmttnw
f i b t r t di—m T S n *
. j ■ ■ #1| r- ~ ~ — -:s
b * m
f f k
AnOracaa*
tm U m d
fmtfl
414 M4 10 0 10 0 0 0
414 M7 40 40 0 0 0 0
414 M10 40 40 0 0 0 0
421 M4 10 0 10 0 0 0
421 M7 40 20 20 0 0 0
421 M10 40 40 0 0 0 0
422 i  $ K  .1 end of the dosage NajSCh, v-0 .01 nvs
422 M4 10 0 10 0 0 0
422 M7 40 20 20 0 0 0
422 M10 20 10 10 0 0 0
429 M4 10 0 10 0 0 0
429 M7 10 0 10 0 0 0
429 MIO 0 n.a. n.c. 0 n.a. n.c.
436 M4 0 n.a. n.c. 0 n.a. n.c.
436 M7 0 n.a. n.c. 0 n.a. n.c.
436 MIO 0 n.a. n.c. 0 n.a. n.c.
443 M4 0 n.a. n.c. 0 n.a. n.c.
443 M7 0 n.a. n.c. 0 n.a. n.c.
443 MIO 0 n.a. n.c. 0 n.a. n.c.
Table 2.4 Pyrene and Benz(a)anthracene - Experiment 5
" l>ay
v
.....-..*9J_ ... J
391
391
391
.... . W2L.....
392
y Sample m
■
M4
M7
MIO
M4
M j s s S L . ^
l l S i t ! f l i p  M  
0 
0 
0
0
1 '1*1 fmt ;m>
......  *
n.a.
n.a.
n.a.
B l M M i
n.a.
I g  g y y r  |g
-yItHs/l)
n.c.
n.c.
n.c.
n.c.
0
0
m/s
0
flfWl(s)
anthracene
f i b * r t 4
_ M  .
n.a.
n.a.
n.a.
n.a.
. ■ 
r m u m m
-...
' y?
n.c.
n.c.
n.c.
n.c.
392 M7 0 n.a. n.c 0 n.a. n.c
392 MIO 0 n.a. n.c. 0 n.a. n.c.
393 M4 0 n.a. n.c. 0 n.a. n.c.
393 M7 0 n.a. n.c. 0 n.a. n.c.
393 MIO 0 n.a. n.c. 0 n.a. n.c
395 M4 0 n.a. n.c. 0 n.a. n.c.
395 M7 0 n.a. n.c. 0 n.a. n.c.
395 MIO 0 n.a. n.c. 0 n.a. n.c.
400 M4 0 n.a. n.c. 0 n.a. n.c.
400 M7 20 10 10 0 0 0
400 MIO 0 0 0 0 0 0
408 M4 20 0 20 0 0 0
408 M7 40 10 30 0 0 0
408 MIO 20 10 10 0 0 0
414 M4 0 0 0 0 0 0
414 M7 20 10 10 0 0 0
414 MIO 10 10 0 0 0 0
421 M4 0 0 0 0 0 0
421 M7 20 0 20 0 0 0
421 MIO 10 0
IH -aed of the 4
10 0 0 0
422 M4 0 0 0 0 0 0
422 M7 30 10 20 0 0 0
422 MIO 0 0 0 0 0 0
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w 1--m*
f i t t e r * *
v b 
M .......j
i  * ■ ! ? !
... M  . ..
wtffanwiw
M l
Benton)
mttiracciK' -.O
u.._ . . . M ...........
anthracene
r t t id u m l
M  . . .
429 M4
. . ..
0 0 0 0 0 0
429 M7 10 0 10 0 0 0
429
436 M4 0 n.a. n.a 0
n.a.
n.a. n.c.
436 M7 0 n.a. n.c. 0 n.a. n.c.
436 M10 0 n.a. n.c. 0 n.a. n.c.
443 M4 0 n.a. n.c. 0 n.a. n.c.
443 M7 0 n.a. n.c. 0 n.a. n.c.
443 M10 0 n.a. n.c 0 n.a. n.c.
Table 2.5 Benzo(b)fluoranthene and Chrysene - Experiment 5
w
Sawple
Pont!
v v;. 'c W
..... „?)
BtmtoQfy-
I h a tu M u m
fnull
fluoranthene 
filti lt'if •
[ns/11
B aaw W - j
llmimnlhcfit
rrsukml
Jbj-41
^ • C f c i y e  : 
m m fittrrrd
. W i __
, Citryaenc 
Jflfanaf
M i
391 • ta r te s p e r fa a m r tS ..... ............
391 M4 n.a. n.c 0 n.a. n.c.0
391 M7 o n.a. n.c o n.a. n.c
391 M 10 0 n.a. n.c. 0 n.a. n.c.
h ' A  392 dosaff i i k l f e  - . - i i i  i
392 M 4 0 n.a. n.c. 0 n.a. n.c.
392 M7 0 n.a. n.c. 0
n
n.a. n.c.
393 M4 0 n.a. n.c. n.a. n.c.
393
393
M7
M 10
n n.a.
n.a.
n.c.
n.c.
n.a.
n.a.
n.c.
n.c.
u
0 0
395
395
M4
M l
0
0
n.a.
n.a.
n.c.
n.c.
0
0
n.a.
n.a.
n.c.
n.c.
395 M 10 0 n.a. n.c. 0 n.a. n.c.
400 M4 0 n.a. n.c. 0 n.a. n.c.
400
400
M 7
M 10
0
0
0
0
0
0
0
0
0
0 0
408
408
M4
M7
0
30
0
0
0
30 0 0 0
408 M 10 0 00 0 0 0
414 M4 0 0 0 0 0 0
414 M7 0 0 0 0 0
414 M 10 0 0 0 0 0 0
421
421
M 4
M7
0
0
0
0
0
0
V
0 0 0
421 M 10 0 0 0 0 0 0
422-. .. o6»ee N aiSO j, \f ' - . M t w t * . ...XX:,
422 M4 0 0 0 0 0 0
422 M 7 0 0 0 0 0 0
422 M 10 0 0 0 0 0 0
429 M 4 0 0 0 0 0 0
429 M7 0 0 0 0 0 0
429 M 10 0 n.a. n.c 0 n.a. n.c.
436 M4 n.a. n.c. n.a.
436 M7 0 n.a. n.c 0 n.a. n.c
436 M 10 0 n.a. n.c 0 n.a. n.c
443 M4 0 n.a. n.c 0 n.a. n.c
443 M7 0 n.a. n.c 0 n.a. n.c.
443 M 10 0 n.a. n.c 0 n.a. n.c.
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Table 2.7 Dibenz(ah)anthracene and Benzo(ghi)perylene - Experiment 5
Day S««pfc Dib^»h>- Oft
------ £1.........  ..................... ........................... M ......
' $91 i w '  - mm m  m  i
m k t m m *  1
s r t t ip tH n a it
iletUOipit r
|  nrrrlmt Hi
— J a tS » —
fte fflm m
4 BcniotehD- 1 
5 if /n
>V fttntn(chi) 
___ ................
391 M4 ft 0 0 0 0 0
391 M7 ' 0 0 0 0 0
391 M10 0 0
392 do#ag<
0 0 0
!$$$§ i W* 
°
392 M4 0 0 0 0 0 0
392 M7 K1-;"!1m ' m  0 0 0 0 0
392 M10 S f i  0  1  ’ 0 0 0 0 0
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D
,
s »
111!
* 3 S
rYiWnr(ah)
" T S T '
Dlbe8z(aii^
Mithriifnt
f o u n d
i no/11
•n tii racen* 
• rWlI
a m nK M - 
perykne 
tu m ^ fB U n d" r:: ■ -Mrk \
BmnfcM-
perytene 
:* fmtfll
Be— ftMfr- 
pwyj***
■_«iiwnq
393 M4 0 0 0 0 0 0
393 M7 0 0 0 0 0 0
393 M10 0 0 0 0 0 0
395 M4 0 0 0 0 0 0
395 M7 0 0 0 0 0 0
395 M10 0 0 0 0 0 0
400 M4 0 0 0 o 0 0
400
408
M10
M4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
408
408
M7
M10
0
0
0
0
0
0
0
_________11. ........
0
0
0
0
414 M7 0 0 0
0
0
0
0
0
0
414 M10 0 0 0 0 0 0
421 M4 0 0 0 0 0 0
421 M7 0 0 0 0 0 0
421 M10 0 0 0 0 0 0
422 1 aid of the dosage Na2SOJ( v =• 0.01 m/s
422 M4 0 0 0 0 0 0
422 M7 0 0 0 0 0 0
422 M10 0 0 0 0 0 0
429 M4 0 0 0 0 0 0
429 M7 0 0 0 0 0 0
429 M10 0 0 0 o 0 0
436 M4 0 0 0 0 0 0
436 M7 0 0 0 0 0 0
436 M10 0 0 0 0 0 0
443 M4 0 0 0 0 0 0
443
443
M7
M10
0
0
0
0
0
0
0
0
0
0
0
0
Table 2.8 Indeno(l,2,3-cd)pyrene - Experiment 5
.....141____
391
' ■ ■' ' :
In4eao(1^3- I Iadeao(l,2,3- 
cd)pyrene j cd>pyreae 
n o t+ fO U r td  f O t e n d
start experiment 5 |
bMfeooaJU-
cdlpyrenf
.......I"ML...
391 M4 0 0 0
391 M7 0 0 0
391 M10 0 0 0
1 392 .. ‘ ...................* V, .. ; j, V“ 0.01 m/s
392 M4 0 0 0
392 M7 0 0 0
392 M10 0 0 0
393 M4 0 0 0
393 M7 0 0 0
393 M10 0 0 0
395 M4 0 0 0
395 M7 0 0 0
395 M10 0 0 0
400 M4 0 0 0
400 M7 0 0 0
400 M10 0 0 0
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Table 2.9 Volatile Hydrocarbons - Experiment 5
Doy
.
'f Ml
: S#wpl< ■ 
romt
Total - m
VQC
f:. W B
- » «■.X1 WJUul V*
V.: .
W H  1 '
Tftnchloro-
atifcww
<_.... I M ' L ... .
TricMcHPO-
*_m ; x'fi.. IPMI___
Browo-
dichloro-
intlfwnc
Dftreo*-
chloro
n t i h n n t
BVQMOfoWRC
fasrtl
591 ■ • • is f  start uqariaMflt S .
391 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
391 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
391 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
. I fS l....... \  .. . . . .  ■ " . . Asx d o s a g p  NaiSO m / s
392 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
392 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
392 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
393 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
393 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
393 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
395 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
395 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
395 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
400 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
400 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
400 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
408 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
408 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
408 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
414 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
414 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
414 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
421 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
421 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
421 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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422 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M 10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
436 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
436 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
436 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
443 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
443 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
443 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Table 2.10 Physico - Chemical Results - Experiment 5
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391 M4 657 7.11 0.14 6.4 13.4 3.24 237 117
391 M7 655 7.15 0.14 6.2 13.6 2.92 269 116
391 M10 658 7.14 0.15 6.3 12.9 2.84 271 119
. m  (low sc ,
392 M4 782 7.25 0.19 3.9 14 3.92 142 122
392 M7 761 7.2 0.17 3.4 13.6 3.8 147 122
392 M10 746 7.2 0.16 4.3 13.4 3.6 148 121
393 M4 801 7.26 0.2 0.2 14.5 4.36 134 121
393 M7 802 7.23 0.25 0.3 14.3 4.8 135 121
393 M10 695 7.12 0.2 4.7 13.7 3.32 195 121
395 M4 768 7.18 0.2 0.3 13.5 3.52 148 121
395 M7 780 7.18 0.21 0.3 13.3 3.54 139 114
395 M10 774 7.16 0.2 0.2 13 3.58 144 124
400 M4 786 7.18 0.26 0.2 13.9 4.18 145 120
400 M7 797 7.16 0.35 0.1 14.2 4.1 151 120
400 M10 783 7.12 0.26 0.3 13.5 3.98 151 120
408 M4 776 7.17 0.25 0.2 14.1 4.02 129 121
408 M7 787 7.17 0.32 0.2 14.1 4.5 119 119
408 M10 775 7.15 0.2 0.2 13.8 3.76 112 120
414 M4 824 7.06 0.3 0 14.4 4.98 111 125
414 M7 838 7.21 0.4 0 14.2 4.44 107 123
414 M10 817 7.19 0.25 0 13.2 3.9 100 123
421 M4 802 6.91 0.32 0 14.2 4.76 143 122
421 M7 815 7.02 0.3 0 14.4 4.8 143 127
421 M10 810 6.8 0.23 0 13.6 4.62 138 123
■ endoflhedaMReNftiSO^ 1. s !-
422 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M4 625 6.86 0.15 6.1 14.7 2.15 288 119
429 M7 634 6.9 0.1 5.6 14.4 2.14 280 122
429 M10 640 6.91 0.13 5.6 13.3 2.15 283 123
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436 M4 627 7.18 0.08 5.5 14 2.32 279 119
436 M7 640 7.19 0.09 6.4 13.6 2.39 270 118
436 MIO 649 7.14 0.07 6.9 13.8 2.33 266 118
443 M4 664 7.15 0.07 5.5 13.4 2.34 268 121
443 M7 671 7.07 0.06 5.9 12.7 2.48 263 123
443 MIO 673 7.06 0.09 5.8 12.4 2.38 261 124
Table 2.11 Chemical Constituents - Experiment 5
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391 M4 12.2 0 0 5.87 0 24.8 n.a.
391 M7 12.5 0 0 6.1 0 24.9 n.a.
391 M10 12.9 0 0 5.93 0 19.3 n.a.
392 ........ ............. ...  ...... ,»v*» 0.01 m/s
392 M4 15 0 0 9.57 0 32.9 n.a.
392 M7 13.8 0 0 7.05 0 28.4 n.a.
392 M10 14.9 0 0 6.21 0 27.2 n.a.
393 M4 12.3 0 0 6.38 0 26.5 n.a.
393 M7 15.3 0 0 6.32 0 26 n.a.
393 M10 11 0 0 6.38 0 26 n.a.
395 M4 12.3 0 0 4.92 0 21.9 n.a.
395 M7 12.3 0 0 5.03 0 23.3 n.a.
395 MIO 12.7 0 0 4.87 0 23.4 n.a.
400 M4 14.2 0.068 0 5.26 0 22.9 n.a.
400 M7 13.1 0.093 0 4.92 0 23.5 n.a.
400 MIO 12.2 0.04 0 4.92 0 23.4 n.a.
408 M4 13 0.085 0 5.76 0 25.1 n.a.
408 M7 11.8 0.123 0 6.1 0 25.1 n.a.
408 MIO 12 0.042 0 7.11 0 25.2 n.a.
414 M4 14.3 0.088 0.021 7.33 0 28.1 n.a.
414 M7 13.1 0.14 0.02 7.39 0 27.8 n.a.
414 MIO 14.1 0.035 0 7.44 0 27.7 n.a.
421 M4 13.6 0.09 0 3.13 1.58 23.4 n.a.
421 M7 14 0.11 0 3.63 1.3 24.1 n.a.
421 MIO 15.8 0.035 0 4.47 0.633 23.7 n.a.
422 1 m/s
422 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 MIO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M4 13.3 0.012 0 4.64 0 22.2 n.a.
429 M7 12.8 0.023 0 4.7 0 22.3 n.a.
429 MIO 13.1 0.015 0 4.47 0 19.7 n.a.
436 M4 12.9 0.016 0 5.26 0 23.5 n.a.
436 M7 11.3 0.026 0 5.43 0 23.2 n.a.
436 MIO 10.9 0.014 0 5.31 0 23.9 n.a.
443 M4 16.4 0.027 0 4.92 0 23.8 n.a.
443 M7 13.7 0.015 0 4.87 0 23.1 n.a.
443 MIO 13.5 0.012 0 4.87 0 23.3 n.a.
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Table 2.12 Chemical Constituents - Experiment 5
Day
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391 ■».*>* start experiment 5
391 M4 7.19 0.08 5.24 0.82 6 ii 1.6 61.9 n.a.
391 M7 7.22 0.07 5.24 0.83 5.8 12 1.7 70.8 n.a.
391 M10 7.22 0.08 5.25 0.82 6 12 1.7 58.4 n.a.
392 dosage Na^SOj, v = 0.01 m/s
392 M4 7.32 0.07 5.52 0.94 6.3 40 2.4 117 n.a.
392 M7 7.26 0.06 5.53 0.95 5.2 39 2.2 115 n.a.
392 M10 7.25 0.05 5.45 0.96 4.3 35 1.8 115 n.a.
393 M4 7.32 0.06 5.5 1.03 5.3 53 2 113 n.a.
393 M7 7.28 0.05 5.45 0.97 4.2 53 1.8 103 n.a.
393 M10 7.17 0.05 5.31 0.91 4.3 23 1.9 79.3 n.a.
395 M4 7.22 0.04 5.29 0.92 3.6 50 1.6 128 n.a.
395 M7 7.24 0.06 5.33 0.91 5.4 51 1.7 121 n.a.
395 M10 7.22 0.06 5.31 0.88 5.4 49 1.7 118 n.a.
400 M4 7.22 0.04 5.51 0.97 4.4 55 1.7 129 1
400 M7 7.22 0.06 5.55 0.94 5.5 53 1.6 116 1.3
400 M10 7.19 0.07 5.58 0.93 6.2 50 1.7 115 1.2
408 M4 7.22 0.05 5.43 0.97 4.3 53 1.7 126 1
408 M7 7.22 0.05 5.51 0.97 4.3 51 1.7 111 1
408 M10 7.22 0.07 5.44 0.9 6 48 1.6 112 1
414 M4 7.2 0.14 5.72 0.81 10.7 66 2 125 1.1
414 M7 7.33 0.12 5.71 0.84 9.7 65 2.3 118 1.2
414 M10 7.29 0.19 5.57 0.65 11.9 57 2.4 120 1.1
421 M4 6.97 0.06 5.64 1 5.9 57 1.6 139 1
421 M7 7.08 0.06 5.66 1.03 5.5 57 1.8 139 1
421 M10 6.89 0.09 5.58 0.9 7.7 53 1.6 136 1
422 end of the dosage Na*SOj, v -  0.01 m/s
422 M4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
422 M10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
429 M4 6.93 0.07 5.25 0.87 5.3 11 1.8 65 1.5
429 M7 6.98 0.08 5.25 0.86 6.1 11 1.5 64.4 1.2
429 M10 7.01 0.1 5.25 0.8 7.7 11 1.7 66.5 1.2
436 M4 7.26 0.08 5.3 0.85 6.3 12 1.6 57 1
436 M7 7.28 0.09 5.29 0.84 7 12 1.6 57.2 1.1
436 M10 7.22 0.08 5.27 0.84 6.2 12 1.6 52.8 1
443 M4 7.21 0.06 5.35 0.93 5.3 12 1.5 69.1 1.1
443 M7 7.14 0.07 5.34 0.88 5.6 12 1.5 70.6 1.1
443 M10 7.14 0.08 5.36 0.84 6.8 11 1.7 66 1.1
Table 2.13 Microbiological Parameters - Experiment 5
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391 M4 2 0 9 0 7,100
391 M7 0 1 8 0 12.000
391 M10 0 0 8 15 10,000
392 dosage NajSOj, v “  0.01 m/s ............
392 M4 0 0 35 0 6,800
392 M7 0 2 23 0 12,000
392 M10 1 0 19 0 21,000
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393 M4 0 0 29 0 8.900
393 M7 0 2 17 0 26.000
393 M10 1 0 25 0 11.000
395 M4 0 0 38 0 16.000
395 M7 0 0 29 0 17,000
395 M10 0 0 15 7 16.000
400 M4 0 0 16 0 10.000
400 M7 0 2 20 0 12.000
400 M10 0 1 18 0 19,000
408 M4 0 23 87 0 65,000
408 M7 0 17 110 0 28.000
408 M10 1 0 33 0 21.000
414 M4 0 1 78 0 53.000
414 M7 1 1 95 0 49.000
414 M10 0 0 129 0 20.000
421 M4 3 0 139 0 160,000
421 M7 0 1 186 0 94.000
421 M10 0 0 138 0 62,000
422
422 M4 n.a. n.a. n.a. n.a n.a.
422 M7 n.a. n.a. n.a. n.a. n.a.
422 M10 n.a. n.a. n.a. n.a. n.a.
429 M4 0 0 50 0 22.000
429 M7 0 0 50 7 6.700
429 M10 0 1 37 0 23,000
436 M4 1 1 52 0 24.000
436 M7 1 0 40 0 25.000
436 M10 3 3 28 0 14,000
443 M4 0 1 27 0 15,000
443 M7 1 1 26 7 15,000
443 M10 2 1 18 0 4.500
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Figure 3.1 Pipe Rig Investigations - M 4 - PAH Profiles in % Experiment 0 - 3
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Figure 3.2 Pipe Rig Investigations - M 4 - PAH Profiles in % Experiment 4 - 10
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.3 Pipe Rig Investigations - M 7 - PAH Profiles in % Experiment 0 - 3
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Figure 3.4 Pipe Rig Investigations - M 7 - PAH Profiles in % Experiment 4- 10
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Figure 3.5 Pipe Rig Investigations - M 10 - PAH Profile in % Experiment 0 - 3
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Figure 3.6 Pipe Rig Investigations - M 10 - PAH Profile in % Experiment 4 - 11
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Figure 4.1 Field Investigations - PAHs Dissolved in the Water - Adsorbed on 
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Figure 4.3 Pipe Rig Investigations - M 10 - PAH Dissolved in the Water - 
Adsorbed on Particles in %
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Table 5.1 Water Quality Parameters Water A and Water B according to the 
German Drinking Water Act (TRINKWASSERVERORDNUNG 1990)
BO. parameter mean value [mg/l] mean value [mg/l]
Water A Water B
1 Colour <0.01 0.05
2 Turbidity 0.01 0.11
3 Odor 1 1
4 Temperature 12.6 °C 10.1 °C
5 pH - value 7.35 7.30
6 Conductivity at 25 °C 603 pS cm 1 690 pS cm 1
7 COD [mg/l O2] 0.41 0.8
8 Aluminium Al 0.018 <0.03
9 Ammonia N H / <0.01 <0.05
10 Barium Ba 0.302 0.09
11 Boron B <0.02 0.01
12 Calcium Ca 105.2 120
13 Chloride c r 21.6 24
14 Iron Fe 0.008 <0.01
15 Potassium K 1.6 1.7
16 Kjeldahl - N N n.a. < 1
17 Magnesium Mg 26.4 10.2
18 Manganese Mn <0.001 <0.01
19 Sodium Na 4.4 10.8
20 Phenoles CeHsOH n.a. -
21 Phosphorous PO43' 0.06 <0.01
22 Silver Ag <0.001 < 0.0005
23 Sulphate SO42' 29.4 66
24 Hydrocarbons, Mineral Oil n.a. <0.01
25 Compounds extractable with 
Chloroform
n.a. -
26 Surfactants n.a. <0.01
BO.
Sgpliip
parameter mean value [mg/l] mean value (mg/l]
Water A Water B
1 Copper Cu 0.003 <0.01
2 Zink Zn 0.01 <0.02
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Table 5.1 Water Quality Parameters Water A and Water B, continued
no. mrmnrtin r  poi aiiivici neanvahefrngfll m e n  vatae (mg/ll
Water A Water B
1 Arsenic As < 0.001 <0.001
2 Lead Pb <0.001 <0.001
3 Cadmium Cd < 0.0002 <0.0001
4 Chromium Cr <0.001 <0.001
5 Cyanide CN <0.01 <0.01
6 Fluoride F 0.12 0.06
7 Nickel Ni <0.001 <0.001
8 Nitrate NO, 13.9 5.7
9 Nitrite NO, <0.01 <0.01
10 Mercury Hg <0.0001 < 0.00004
11 PAHs
-Fluoranthene
-Benzo(b)fluoranthene
-Benzo(k)fluoranthene
-Benzo(a)pyrene
-Benzo(ghi)perylene
-Indeno( 1,2,3 -cd)pyrene
C < 0.00005
12 Volatile Hydrocarbons < 0.0005
-1,1,1 -T richloroethane <0.0001 < 0.0005
-Trichloroethene 0.0003 < 0.0005
-T etrachloroethene 0.0001 < 0.0005
-Dichloromethane < 0.005 <0.01
-Carbon Tetrachloride 0.0001 < 0.0005
13 a) Pesticides
b) Biphenyles and Terphenyles
n.d. n.d.
14 Antimony Sb < 0.002 <0.001
15 Selenium Se < 0.0005 <0.001
Table 5.2 Further Water Quality Parameters
in m n tte r Water A Water B
Base Capacity to pH 8,2 mmol/1 Kb 8,2 n.a. 0.68
Acid Capacity to pH 4,3 mmol/1 K-s 4,3 5.6 5.30
Oxygen mg/l o . 8.1 7.75
Hardness °dH 17.9 19.2
DOC mg/l C 0.2 1.4
SAK at 254 nm m 1 0.3 2.1
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Table 6.1 Raw Data - PAHs Biofilm Experiments - Figure 4.3.1
duration 30 mis l k 2 h 4li 61i
Naphthalene 0 0 0 0 0 0 0
J
0 0 0 0 0 0
3
0 0
Acenaphthylene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Acenaphthene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Fluorene 0 0 0 0 0 0 14 0 0 23 33 45 40 58 44
Phenanthrene 41 41 14 48 33 47 300 140 150 560 440 630 640 1100 710
Anthracene 16 18 35 19 14 20 130 62 64 250 240 330 270 470 300
Fluoranthene 24 38 97 34 16 34 250 86 93 340 300 350 260 560 260
Pyrene 16 26 67 22 10 22 160 54 60 220 200 220 160 370 160
Benzo(a)anthracene 0 16 38 0 0 11 66 14 15 86 38 41 41 110 32
Chrysene 0 25 62 12 0 16 100 19 28 120 51 67 59 180 44
Benzo(b)fluoranthene 0 14 37 0 0 0 59 0 14 82 22 24 26 110 13
Benzo(k)iluoranthene 0 0 18 0 0 0 29 0 0 35 10 10 11 50 0
Benzo(a)pyrene 0 11 31 0 0 0 52 0 10 55 15 15 17 72 0
Dibenz(ah)anthracene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Benzo(ghi)perylene 0 0 20 0 0 0 32 0 0 39 10 0 11 50 0
Indeno{ 1,2,3-cd)pyrene 0 0 22 0 0 0 37 0 0 30 0 0 0 35 0
Total 6 Indicator - PAHs 24 63 225 34 16 34 459 86 117 581 357 399 325 877 273
Total 16 EPA-PAHs 97 189 441 135 73 150 1229 375 434 1840 1359 1732 1535 3165 1563
duration 8 k 24 h 48k 88k
bltae
Naphthalene
4
0
3
0
o
0
4
0
J
0 0 0 0 0 0 0 0
Acenaphthylene 0 0 0 0 0 0 0 0 0 0 0 0
Acenaphthene 0 0 0 0 0 0 0 0 0 58 40 48
Fluorene 75 45 50 110 80 75 100 95 110 240 180 220
Phenanthrene 1350 740 900 2000 1230 1300 1600 1200 1500 2800 2460 2650
Anthracene 640 290 380 890 560 610 640 550 660 1420 1090 1200
Fluoranthene 660 220 370 830 450 550 480 380 510 1160 740 810
Pyrene 370 130 220 500 270 330 66 230 270 690 436 468
Benzo(a)anthraoene 56 16 40 90 53 60 61 49 46 110 64 58
Chrysene 90 29 69 150 65 75 88 72 76 123 94 85
Benzo(b)fluoranthene 13 0 15 53 19 23 12 10 13 0 0 0
Benzo(k)fluoranthene 0 0 0 24 0 10 0 0 0 0 0 0
Benzo(a)pyrene 0 0 13 42 15 20 0 0 0 0 0 0
Dibenz(ah)anthracene 0 0 0 0 0 0 0 0 0 0 0 0
Benzo(ghi)perylene 0 0 0 23 0 14 0 0 0 0 0 0
Indeno(l ,2,3-od)pyrene 0 0 0 18 0 0 0 0 0 0 0 0
Total 6 Indicator - PAHs 673 220 398 990 484 617 492 390 523 1160 740 810
Total 16 EPA-PAHs 3254 1470 2057 4730 2742 3067 3047 2586 3185 6601 5104 5539
Appendix 6 Biofilm Experiments - Raw Data XXVII
Table 6.2 Raw Data - PAHs Biofilm Experiments - Figures 4.3.3 - 4.3.5
Appendix 7 Chlorinated PAHs - Raw Data XXVIII
IIID1
Duration/h 0 1 6 24
Fluorene /ng I'1 64 58 57 57
Phenanthrene /ng I'1 62 59 57 55
Anthracene /ng I'1 49 38 38 41
Fluoranthene /ng I'1 46 42 39 39
IIID2
Duration/h 0 i 6 24
Chlorine /mg I'1 0.31 not analysed not analysed 0.31
Fluorene /ng I'1 238 223 245 249
Phenanthrene /ng F1 207 188 211 213
Anthracene /ng I'1 178 156 120 72
Fluoranthene /ng I'1 175 150 160 162
IIID3
Duration /h 0 l 6 24
Chlorine /mg I'1 0.32 not analysed not analysed 0.31
Fluorene /ng I'1 248 265 275 263
Phenanthrene /ng I'1 217 218 227 220
Anthracene /ng I*1 178 166 119 52
Fluoranthene /ng I'1 172 158 157 171
IIID4
Duration/h 0 1 6 24
Chlorine /mg I*1 0.31 not analysed not analysed 0.28
Fluorene /ng I"1 267 259 256 257
Phenanthrene /ng I'1 258 256 243 235
Anthracene /ng I'1 202 169 118 24
Fluoranthene /ng I'1 203 189 214 184
IIID5
Duration fh 0 1 6 24
Chlorine /mg I 1 0.30 not analysed not analysed 0.30
Fluorene /ng I'1 69 59 55 57
Phenanthrene /ng l"1 71 74 61 58
Anthracene /ng I'1 47 43 26 18
Fluoranthene /ng I'1 49 61 55 50
1111)6
Duration/h 0 I 6 24
Chlorine /mg I'1 0.61 not analysed not analysed 0.60
Fluorene /ng I'1 253 248 251 244
Phenanthrene /ng I"1 227 221 237 230
Anthracene /ng F1 199 183 159 67
Fluoranthene /ng F1 221 203 223 230
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